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a b s t r a c t
A recent experimental study (Mizuseki, Sirota, Pastalkova, & Buzsaki, 2009) has shown that the temporal
delays between population activities in successive entorhinal and hippocampal anatomical stages are
longer (about 70–80 ms) than expected from axon conduction velocities and passive synaptic integration
of feed-forward excitatory inputs. We investigate via computer simulations the mechanisms that give
rise to such long temporal delays in the hippocampus structures. A model of the dentate gyrus (DG),
CA3 and CA1 microcircuits is presented that uses biophysical representations of the major cell types
including granule cells, CA3 and CA1 pyramidal cells (PCs) and six types of interneurons: basket cells
(BCs), axo-axonic cells (AACs), bistratiﬁed cells (BSCs), oriens lacunosum-moleculare cells (OLMs), mossy
cells (MCs) and hilar perforant path associated cells (HC). Inputs to the network came from the entorhinal
cortex (EC) (layers 2 and 3) and the medial septum (MS). The model simulates accurately the timing of
ﬁring of different hippocampal cells with respect to the theta rhythm. The model shows that the experimentally reported long temporal delays in the DG, CA3 and CA1 hippocampal regions are due to theta
modulated somatic and axonic inhibition. The model further predicts that the phase at which the CA1
PCs ﬁre with respect to the theta rhythm is determined primarily by their increased dendritic excitability
caused by the decrease of the axial resistance and the A-type K+ conductance along their dendritic trunk.
The model predicted latencies by which the DG, CA3 and CA1 principal cells ﬁre are inline with the
experimental evidence. Finally, the model proposes functional roles for the different inhibitory interneurons in the retrieval of the memory pattern by the DG, CA3 and CA1 networks. The model makes a number of predictions, which can be tested experimentally, thus leading to a better understanding of the
biophysical computations in the hippocampus.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
The EC and hippocampus formation (HF) have been studied
extensively yielding a wealth of data on cell types and their passive
and active properties, network architecture and synaptic plasticity
(Andersen, Morris, Amaral, Bliss, & O’Keefe, 2007; Cutsuridis,
Graham, Cobb, & Vida, 2010). HF contains principal excitatory neurons (GCs in DG and PCs in regions CA3 and CA1) and a large variety of excitatory and inhibitory interneurons (Freund & Buzsaki,
1996; Somogyi & Klausberger, 2005). The cells in different HF
regions compute information differently. DG has been implicated
in pattern separation (Marr, 1971; McNaughton & Morris, 1987;
Wilson & McNaughton, 1993; Hasselmo & Wyble, 1997;), CA3 in
pattern completion (Marr, 1971; McNaughton & Morris, 1987)
and CA1 in novelty detection (Vinogradova, 2001) and mismatch
⇑ Corresponding author.
E-mail address: vcutsuridis@gmail.com (V. Cutsuridis).
http://dx.doi.org/10.1016/j.nlm.2015.02.002
1074-7427/Ó 2015 Elsevier Inc. All rights reserved.

of expectations (Hasselmo & Schnell, 1994). Local computation
within each HF region takes time creating temporal windows of
excitability, which are evident by local ﬁeld potentials (LFPs)
(Buzsaki, 2002).
Theta rhythm (4–10 Hz) is one such LFP (Alonso & Garcia-Austt,
1987; Grastyan, Lissak, Madarasz, & Donhoffer, 1959; Vanderwolf,
1969) and it has been shown to play an instrumental role in the
coordination of neuronal ﬁring in the entorhinal–hippocampal network (Buzsaki, 2002). Theta oscillations have also been implicated
in the encoding and retrieval of episodic and spatial memories
(Cutsuridis, Cobb, & Graham, 2008, 2010; Cutsuridis & Hasselmo,
2012; Cutsuridis & Wenneckers, 2009; Hasselmo, Bodelon, &
Wyble, 2002; Jensen & Lisman, 2005; Kunec, Hasselmo, & Kopell,
2005) and disruption of them results in behavioral deﬁcits
(Winson, 1978). Theta rhythm in HF is paced by MS and diagonal
band of Broca in the basal forebrain (Stewart & Fox, 1990;
Winson, 1978), although several theta generators and theta dipoles
seem to work independently in the hippocampus (Buzsaki, 2002;
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Montgomery, Betancur, & Buzsaki, 2009). One such theta oscillator
is recorded in the stratum lacunosum moleculare (SLM) in CA1,
while two other are recorded in stratum moleculare (SM) in DG
and stratum pyramidale (SP) in CA1 (Brankack, Stewart, & Fox,
1993). The SLM theta oscillator oscillates at opposite phase with
the SM and SP oscillators, which oscillate in phase with each other
(Brankack et al., 1993). Current source density studies (Brankack
et al., 1993) have shown that theta in other layers in CA1 show
intermediate to SLM and SM phase relations. Theta oscillations
are also recorded in EC and show a phase inversion between layers
I and II–V (Alonso & Garcıa-Austt, 1987; Mizuseki, Sirota,
Pastalkova, & Buzsaki, 2009). EC layers II and III, which project to
HF (DG, CA3 and CA1), oscillate in phase (Mizuseki et al., 2009),
and this phase is similar to the one in CA1 SP (Mizuseki et al.,
2009).
Excitation and inhibition in HF come in different ﬂavors (Freund
& Buzsaki, 1996; Klausberger & Somogyi, 2008). Inhibition in particular sculpts the activities of excitatory cells (GCs in DG and PCs
in CA3 and CA1), thus allowing them to ﬁre at particular temporal
windows and phases with respect to external network oscillations
(Klausberger & Somogyi, 2008; Mizuseki et al., 2009). At least 25
different types of inhibitory interneurons have been identiﬁed in
regions DG, CA3 and CA1 of the hippocampus (Fuentealba et al.,
2008; Jinno et al., 2007; Klausberger et al., 2005; Somogyi,
Katona, Klausberger, Lasztoczi, & Viney, 2014; Vida, 2010). These
include AACs, the perisomatic BCs and the dendritic BSCs, ivy
(IVY), neurogliaform (NGL), OLMs and HC cells (Capogna, 2011;
Freund & Buzsaki, 1996; Fuentealba et al., 2008a, 2008b;
Fuentealba et al., 2010). AACs innervate exclusively the initial axonal segment of the DG GCs and the CA3 and CA1 PCs, whereas BCs
innervate their cell bodies and proximal dendrites (Somogyi &
Klausberger, 2005; Vida, 2010). CA1’s BSCs and IVYs innervate
the CA1 PC basal and oblique dendrites, whereas OLM and NGL
cells target the apical dendritic tuft of CA3 and CA1 PCs aligned
with the EC input (Capogna, 2011; Somogyi et al., 2014). The DG
HC cells target the apical dendrites of the DG GCs (Vida, 2010).
DG, CA3 and CA1 cells discharge at different phases of theta
oscillations (Capogna, 2011; Fuentealba et al., 2008a, 2008b,
2010; Klausberger & Somogyi, 2008; Mizuseki et al., 2009;
Somogyi et al., 2014). CA1 OLMs, BSCs, IVYs and PCs ﬁre at the
trough of theta recorded in the CA1 SP, whereas CA1 AACs, BCs
and NGLs ﬁre at the peak of theta recorded in the CA1 SP
(Fuentealba et al., 2008a, 2008b, 2010; Klausberger & Somogyi,
2008). CA3 AACs ﬁre rhythmically around the peak of the theta
oscillations recorded locally in CA3 (Viney et al., 2013), whereas
CA3 BCs and PCs ﬁre around the trough of the local CA3 theta with
the PCs ﬁring leading the BCs ﬁring by few degrees (Tukker et al.,
2013). CA3 OLMs, which are recurrently excited by the CA3 PCs
should ﬁre at the trough of CA3 theta right after the CA3 PCs. In
addition to hippocampal cells, MS cell activities are theta modulated (Borhegyi, Varga, Szilagyi, Fabo, & Freund, 2004; Dragoi,
Carpi, Recce, Csicsvari, & Buzsaki, 1999; Stumpf, Petsche, &
Gogolak, 1962). GABAergic MS neurons form two distinct populations exhibiting highly regular bursting activity that is coupled
to either the trough or the peak of hippocampal theta waves
(Borhegyi et al., 2004).
A recent seminal paper by Mizuseki et al. (2009) reported
that the temporal delays between population activities in successive stages of the EC–hippocampal loop are considerably longer
(about a half theta cycle) than previously reported during
theta-associated behaviors and these delays could not be
accounted for by axon conduction delays, synaptic delays and/
or neuronal integration of feedforward excitatory inputs. They
suggested that one of the potential physiological mechanisms
for such long temporal delays is inhibition (see p. 277 in
Mizuseki et al., 2009).

Building on their suggestion, we explored via computational
modelling the role of theta modulated intra- and extra-hippocampal inhibition in the generation of longer than a theta half-cycle
delays of neuronal excitability in successive hippocampal stages
(DG, CA3 and CA1). We constructed a microcircuit model of the
hippocampal formation (regions DG, CA3 and CA1) that used biophysical representations of the major cell types including GCs,
CA3 and CA1 PCs and six types of interneurons: BCs, AACs, BSCs,
OLMs, MCs and HC cells. Theta modulated inputs at alternate
phases and strengths to the network came from the entorhinal cortex (layers 2 and 3) and the MS. The model simulated the timing of
ﬁring of different hippocampal cells with respect to the theta
rhythm (Klausberger & Somogyi, 2008; Mizuseki et al., 2009;
Somogyi et al., 2014; Tukker et al., 2013; Viney et al., 2013) and
showed that the experimentally reported long temporal delays in
the successive hippocampal regions (Mizuseki et al., 2009) are
indeed due to theta modulated somatic and axonic inhibition.
Our model also predicted that the phase at which the CA1 PCs ﬁre
with respect to the EC-L3 theta LFP (see Fig. 3) is determined by
their increased dendritic excitability caused by the decrease of
the axial resistance and the A-type K+ conductance along their dendritic trunk (Golding, Mickus, Katz, Kath, & Spruston, 2005;
Losonczy, Makara, & Magee, 2008). The model proposed functional
roles for the different inhibitory interneurons in the retrieval of the
memory pattern by the DG, CA3 and CA1 network. Finally, the
model led to a number of experimentally testable predictions that
may provide a better understanding of the biophysical computations in the hippocampus.

2. Materials and methods
Fig. 1 in the main text illustrates the simulated microcircuit
model of the DG-CA3-CA1 network. The model consists of 100
DG GCs, 2 DG MCs, 2 DG BCs, 1 HC, 100 CA3 PCs, 2 CA3 BCs, 1
CA3 AAC, 1 CA3 OLM cell, 100 CA1 PCs, 1 CA1 AAC, 2 CA1 BCs,
and 1 CA1 BSC. All simulations were performed using NEURON
(Hines & Carnevale, 1997) running on a PC under Linux.
Simpliﬁed morphologies including the soma, apical and basal
dendrites and a portion of the axon, were used for each cell type.
The biophysical properties of each cell were adapted from cell
types reported in the literature, which were extensively validated
against experimental data in (Aradi & Holmes, 1999; Migliore,
Cook, Jaffe, Turner, & Johnston, 1995; Poirazi, Brannon, & Mel,
2003a, 2003b; Santhakumar, Aradi, & Soltesz, 2005; Saraga, Wu,
Zhang, & Skinner, 2003). The complete mathematical formalism
of the model is described in the Supporting Online Material
(SOM). Schematic representations of the model cells are depicted
in Supplementary Figs. S1–S3. The dimensions of the somatic, axonic, and dendritic compartments of the model cells are presented
in Supplementary Tables S1–S3. The parameters of all passive
and active ionic conductances used in the model are listed in
Supplementary Tables S4–S9. The synaptic waveform parameters
are given in Supplementary Tables S10 and S11 and synaptic conductances are listed in Supplementary Tables S12–S14.
Experimental support of the choices of the various parameters
can be found in SOM.

2.1. DG granule cells
Each DG granule cell (Aradi & Holmes, 1999; Santhakumar et al.,
2005) had 9 compartments (see Supplementary Fig. S1), each containing calcium pump and buffering mechanisms, slow and fast
delayed rectiﬁer K+ currents, a sodium current, an A-type K+ current, L-, N- and T-type Ca2+ currents, a large conductance calcium
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Fig. 1. Hippocampal formation microcircuit showing major cell types and their connectivity. Filled circles: inhibition; Filled arrows: excitation. (Top) Dentate gyrus network.
GC: granule cell; BC: basket cell; HC: hilar perforant path associated cell; MC: mossy cell; MS: medial septum; EC-L2: entorhinal cortex, layer 2 input. (Medium) CA3 network.
PC: pyramidal cell; AAC: axo-axonic cell; BC: basket cell; OLM: oriens lacunosum-moleculare cell. (Bottom) CA1 network. BSC: bistratiﬁed cell.

and voltage dependent K+ current and a small conductance AHP
calcium-dependent K+ current.
Each GC soma rested in the granule cell layer (GCL), while its
dendrites extended across the molecular layer (ML) (Vida, 2010).
Each GC received excitatory input from layer 2 EC in its distal third
dendrites, excitatory input from the DG MCs in its proximal third
dendrites, inhibitory inputs from the DG BCs and DG HCs in its
soma and medial third dendrites, respectively (Vida, 2010).
2.2. DG mossy cells
Each DG mossy cell (Santhakumar et al., 2005) had 17 compartments (see Supplementary Fig. S1), each containing a sodium (Na+)
current, a fast delayed rectiﬁer K+ current, an A-type K+ current, an
h current, L- and N-type Ca2+ currents, a large conductance calcium
and voltage dependent K+ current, a small conductance AHP calcium-dependent K+ current, and a calcium pump and buffering
mechanism.
Each MC’s soma rested in the hilus layer, and its dendrites were
conﬁned in the same layer (Vida, 2010). Each DG MC received
excitatory input from DG GC in its proximal dendrites, excitatory
input from other DG MCs in its proximal dendrites and inhibition
in its soma and medial 2 dendrites from the DG BCs and DG HCs,
respectively (Vida, 2010).

and voltage dependent K+ current, a small conductance AHP calcium-dependent K+ current, and a calcium pump and buffering
mechanism.
Each BC’s soma rested in the granule cell layer, while its dendrites extended in the molecular layer (Vida, 2010). Each DG BC
received excitatory input from layer 2 EC perforant path, excitatory
inputs from the DG GCs and DG MCs in its proximal and medial 1
dendrites, respectively, inhibitory input to its soma from the medial septum and inhibitory input from the DG HCs and the other BCs
in its distal and medial 1 dendrites, respectively (Vida, 2010).
2.4. DG hilar perforant path associated cells
Each DG hilar cell (Santhakumar et al., 2005) had 17 compartments (see Supplementary Fig. S1), each containing a sodium
(Na+) current, a fast delayed rectiﬁer K+ current, an A-type K+ current, an h current, L- and N-type Ca2+ currents, a large conductance
calcium and voltage dependent K+ current, a small conductance
AHP calcium-dependent K+ current, and a calcium pump and
buffering mechanism.
Each HC’s soma and dendrites were conﬁned in the hilar layer
(Vida, 2010). Each DG HC received excitatory input from DG GCs
in its proximal dendrites, excitatory inputs from the DG MCs in
its medial 1 dendrites, and inhibitory input to its soma from the
medial septum (Vida, 2010).

2.3. DG basket cells
2.5. CA3 pyramidal cells
Each DG basket cell (Santhakumar et al., 2005) had 17 compartments (see Supplementary Fig. S1), each containing a sodium (Na+)
current, a fast delayed rectiﬁer K+ current, an A-type K+ current, an
h current, L- and N-type Ca2+ currents, a large conductance calcium

Each CA3 PC had 64 compartments (Traub, Jefferys, Miles,
Whittington, & Toth, 1994; see Supplementary Fig. S2), which
included a fast Na+ current, a delayed rectiﬁer K+ current, an A-type
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K+ current, an M-type K+ current, L-, N- and T-type Ca2+ currents, a
Ca2+-dependent K+ current and a Ca2+- and voltage-dependent K+
current (Migliore et al., 1995). Each CA3 PC soma rested in the stratum lucidum (SL), while its dendrites extended across the strata
from stratum oriens (SO) to SLM. CA3 PCs received excitatory
inputs in their SLM dendrites from layer 2 EC perforant path and
excitatory inputs from the DG-GCs and CA3 PCs in their SL (level
7) and SR (level 8) dendrites, respectively. They also received inhibitory inputs from the CA3-BCs in their somas, inhibitory inputs
from the CA3-AACs in their SO dendrites and inhibitory inputs
from the CA3-OLMs in their SLM dendrites.
2.6. CA3 axo-axonic cells
Each CA3 AAC had 17 compartments (see Supplementary
Fig. S3), which included a leak conductance, a sodium current, a
fast delayed rectiﬁer K+ current, an A-type K+ current, L- and Ntype Ca2+ currents, a Ca2+-dependent K+ current and a Ca2+- and
voltage-dependent K+ current (Santhakumar et al., 2005). Each
CA3 AAC soma rested primarily in the SP, while its dendrites
extended across the strata from SO to SR and SLM. CA3 AACs
received excitatory inputs from the layer 2 EC perforant path to
their SLM dendrites and excitatory inputs from the DG-GC mossy
ﬁbers to their SL dendrites. In addition, the axo-axonic cells
received inhibitory input from the septum in their SO thick dendritic compartments (Andersen, Morris, Amaral, Bliss, & O’Keefe,
2007; Ganter, Szucs, Paulsen, & Somogyi, 2004).
2.7. CA3 basket cells
Each CA3 BC had 17 compartments (see Supplementary Fig. S3),
containing a leak conductance, a sodium current, a fast delayed
rectiﬁer K+ current, an A-type K+ current, L- and N-type Ca2+ currents, a Ca2+- dependent K+ current, and a Ca2+- and voltage-dependent K+ current (Santhakumar et al., 2005). All BCs’ somas rested in
SP, whereas their dendrites extended from SO to SLM. All BCs
received excitatory connections from layer 2 EC to their distal
SLM dendrites, from the DG-GC mossy ﬁbers to their medium SR
dendrites and inhibitory connections from the medial septum in
their somas.

network (recurrent collaterals) (Amaral & Lavenex, 2007;
Andersen, Morris, Amaral, Bliss, & O’Keefe, 2007), axonic inhibition
from the CA1 AACs, spatially-distributed (six contacts) middendritic synaptic inhibition from CA1 BSCs, and distal synaptic
inhibition on each SLM dendritic branch from the CA1 OLM cell.
2.10. CA1 axo-axonic cell
Each CA1 AAC had 17 compartments (see Supplementary
Fig. S3), which included a leak conductance, a sodium current, a
fast delayed rectiﬁer K+ current, an A-type K+ current, L- and Ntype Ca2+ currents, a Ca2+-dependent K+ current and a Ca2+- and
voltage-dependent K+ current (Santhakumar et al., 2005). Each
CA1 AAC soma rested primarily in the SP, while its dendrites
extended across the strata from SO to SR and SLM. CA1 AACs
received excitatory inputs from the layer 3 EC perforant path to
their SLM dendrites and excitatory inputs from the CA3 Schaffer
collateral to their SR dendrites. In addition, the axo-axonic cells
received inputs from active CA1 pyramidal cells in their SR medium and thick dendritic compartments as well as inhibitory input
from the septum in their SO thick dendritic compartments
(Andersen, Morris, Amaral, Bliss, & O’Keefe, 2007; Ganter et al.,
2004).
2.11. CA1 basket cell
Each CA1 BC had 17 compartments (see Supplementary Fig. S3),
containing a leak conductance, a sodium current, a fast delayed
rectiﬁer K+ current, an A-type K+ current, L- and N-type Ca2+ currents, a Ca2+- dependent K+ current, and a Ca2+- and voltage-dependent K+ current (Santhakumar et al., 2005). All BCs’ somas rested in
SP, whereas their dendrites extended from SO to SLM. All BCs
received excitatory connections from layer 3 EC to their distal
SLM dendrites, from the CA3 Schaffer collaterals to their medium
SR dendrites and from active pyramidal cells to their medium
and thick SR dendritic compartments and inhibitory connections
from neighboring BCs and BSCs in their soma (Freund & Buzsaki,
1996) and from the medial septum in their SO thick dendritic
compartments.
2.12. CA1 bistratiﬁed cell

2.8. CA3 OLM cells
Each CA3 OLM cell had four compartments (see Supplementary
Fig. S3), which included a sodium (Na+) current, a delayed rectiﬁer
K+ current, an A-type K+ current, and an h-current (Saraga et al.,
2003). Each OLM cell’s soma and basal dendrites rested in SP,
whereas its axon extended from SP to SLM. Each OLM cell received
excitatory connections from the active CA3 PCs in their basal dendrites as well as inhibitory connections from the medial septum in
their somas.

Each BSC had 13 compartments (see Supplementary Fig. S3),
which included the same ionic currents as the BCs and AACs. All
BSCs’ somas rested in the SR, whereas their dendrites extended
from SO to SR. All BSCs received excitatory connections from the
CA3 Schaffer collaterals in their medium SR dendritic compartments and from the active CA1 PCs in their thick SO dendritic compartments and inhibitory connections from the medial septum in
their thick SO dendritic compartments and from neighboring BCs
and BSCs in their somas.

2.9. CA1 pyramidal cells

2.13. Model inputs

Each CA1 PC had 15 compartments (see Supplementary Fig. S2),
each containing a calcium pump and buffering mechanism, calcium activated slow AHP and medium AHP K+ currents, an HVA
L-type Ca2+ current, an HVA R-type Ca2+ current, an LVA T-type
Ca2+ current, an h current, a fast sodium and a delayed rectiﬁer
K+ current, a slowly inactivating M-type K+ current and a fast
inactivating A-type K+ current (Poirazi et al., 2003a, 2003b).
Each CA1 PC’s soma rested in the SP, while its dendrites
extended across the strata from SO to SR and SLM. Each PC received
somatic synaptic inhibition from the CA1 BCs, mid-dendritic
excitation from CA3-PCs, distal apical excitation from the layer 3
EC, proximal excitation from around 1% of other CA1 PCs in the

Inputs to the DG-CA3-CA1 model came from MS and EC layers 2
and 3 (Witter, 2010). All inputs were modeled as the ﬁring of two
separate populations of cells (180° and 360°), whose strengths
were theta modulated (see Supplementary Tables S12–S14 for values). Each EC input (EC-L2-180°, EC-L2-360°, EC-L3-180° and ECL3-360°) was modeled as the ﬁring of 100 entorhinal cortical cells
at an average theta frequency of 8 Hz (spike trains only modeled
and not the explicit cells) (see SOM for details). DG GCs, DG MCs,
DG BCs, CA3 PCs, CA3 AACs, and CA3 BCs received input from the
EC layer 2 in the apical dendrites, whereas the CA1 PCs, CA1 BCs,
and CA1 AACs received input from the EC layer III in their apical
LM dendrites. Layer 2 and layer 3 EC inputs were theta modulated
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at opposite phases (180° out of phase) (Mizuseki et al., 2009), so
that when layer 2 EC input was strong, layer 3 input was weak
and vice versa.
MS input, which was modeled with the rhythmic ﬁring of two
population of 10 septal cells each modulated at opposite phases
of a theta cycle (180° out of phase; see SOM for details) provided
GABA-A inhibition to all INs in the model (Borhegyi et al., 2004).
Each MS input was phasic at theta rhythm and was on for 70 ms
during each half-cycle of theta.

pattern, A⁄, was the correlation (i.e., degree of overlap) metric, calculated as the normalized dot product:

2.14. Synaptic properties

3. Results

In the model, AMPA, NMDA and GABA-A synapses were considered. GABA-A were present in almost all strata and layers of the
DG, CA3 and CA1. AMPA synapses were present in CA3 and CA1
strata LM (EC layer 2 and layer 3 connections), distal two-thirds
of the molecular layer (EC layer 2 connections), CA3 lucidum
(DG-GC connections) and CA1 radiatum (CA3-PC connections)
(Kullman, 2007). NMDA synapses were present in CA3 lucidum
(DG-GC connections) and CA1 radiatum (CA3-PC connections)
(Kullman, 2007).

Theta LFPs, as we mentioned before, have been shown to have
an important role in the coordination of neuronal ﬁring in the
entorhinal–hippocampal network (Buzsaki, 2002). Theta LFPs,
which are intracortical EEG population activities at the theta frequency (4–10 Hz) (Buzsaki, 2002), consist of rhythmic sources
and sinks in regions CA3, and CA1 and DG (Brankack et al., 1993;
Somogyi et al., 2014). Sinks are associated with great inﬂux of
cations from the extracellular into the intracellular space, whereas
sources are associated with the opposite ﬂux (Buzsaki, Ca, & Koch,
2012). Cells in DG, CA3 and CA1 rhythmically phase their population activities according to these theta LFPs ﬁring maximally
during one half theta cycle, while pausing their activities in the
other half theta cycle (Klausberger & Somogyi, 2008; Mizuseki
et al., 2009; Somogyi et al., 2014; Tukker et al., 2013; Viney
et al., 2013). Researchers have suggested that this rhythmic change
in the population cell activity at opposite half-cycles of theta may
play a role in the encoding and retrieval of memories (Cutsuridis &
Hasselmo, 2012; Cutsuridis, Cobb, et al., 2010). In these models
dendritic, somatic and axonic inhibition played an instrumental
role in the theta phase separation of these processes in half-cycles
of theta. Building on these ideas, we describe below how the
experimentally recorded theta phase separation of DG-GC, CA3PC and CA1-PC and six different types of excitatory and inhibitory
interneuronal activities recorded in DG, CA3 and CA1 at opposite
half-cycles of theta (Klausberger & Somogyi, 2008; Mizuseki
et al., 2009; Somogyi et al., 2014; Tukker et al., 2013; Viney
et al., 2013) can explain the long temporal windows observed in
the entorhinal–hippocampal loop (Mizuseki et al., 2009).
In the experimental literature as well as in the model, the EC-L2
and EC-L3 excitatory inputs to DG, CA3 and CA1 are theta modulated at opposite phases of the EC-L3 ﬁeld theta (see Figs. 3 and
4). Discharge probability of EC-L2 cells is maximal at the trough
of the EC-L3 theta and lowest at the peak of it, whereas the discharge probability of the EC-L3 cells is reversed (Mizuseki et al.,
2009). The EC-L3 ﬁeld theta is in phase with the theta ﬁeld
recorded in the CA1 SP layer and DG ML and 180° out of phase with
the ﬁeld theta recorded in CA1 LM layer and DG GCL (see Fig. 4;
Stella & Treves, 2011). That means that when EC-L3 cells are least
active (i.e., EC-L3 input is weak), then the CA1 SLM dendrites (PC
and INs) are least excited, but the CA1 pyramidal cells are maximally active. Similarly, when EC-L2 input is ‘‘weak’’ (EC-L2 cells
are least active), then the DG-GCs and CA3-PCs are maximally
active (see Fig. 3). These DG-GC, CA3-PC and CA1-PC excitability
results may only be possible, if the synapses at which these ‘‘weak’’
inputs (EC-L2 and EC-L3) impinge on were strengthened at the previous half theta cycles.
Out of a wide range of mechanisms that may contribute to the
experimentally reported slow propagation times in the hippocampus, we chose to investigate the effects of theta modulated inhibition in DG, CA3 and CA1. Inhibition in hippocampal areas has been
experimentally reported to be phased at different phases of the
theta rhythm (Klausberger & Somogyi, 2008; Mizuseki et al.,
2009; Somogyi et al., 2014; Tukker et al., 2013; Viney et al.,
2013). We chose to investigate the effects of theta modulated

2.15. Network testing
To test the recall performance of our microcircuit model we
replicated the methodology described in Cutsuridis, Cobb, et al.
(2010) study. More speciﬁcally, a memory pattern was stored by
generating weight matrices based on a clipped Hebbian learning
rule: these weight matrices were used to pre-specify the EC-L2 to
DG-GC, DG-GC to CA3-PC, EC-L2 to CA3-PC, EC-L3 to CA1-PC and
CA3 to CA1 PC connection weights. Without any loss of generality,
the input (EC-L2) and output (DG-GC), the input (EC-L2) and output
(CA3-PC), and input (EC-L3) and output (CA1-PC) patterns were
assumed to be the same, with each pattern consisting of N randomly selected cells out of a population of M cells. In the case of
direct EC-L2 input to CA3-PCs, the number of N randomly selected
cells was equal to the number of M cells, because the EC-L2 input to
CA3-PC was a non-speciﬁc one representing the contextual information. Experimental evidence has shown that the direct entorhinal input contains more broad-based contextual information,
possibly derived from the perirhinal cortex (Barnes, McNaughton,
Mizumori, Leonard, & Lin, 1990). In contrast, the EC-L2 input to dentate gyrus and from there to CA3 has been suggested to select novel
components of EC layer II activity for transmission (Kitchigina,
Vankov, Harley, & Sara, 1997). For this reason, in the case of the
direct EC-L2 input to DG-GC four GCs were randomly selected,
which were then connected to 20 randomly selected CA3-PCs.
These randomly selected CA3-PCs were in turn connected to all
CA1-PCs, whereas the direct EC-L3 input to CA1-PCs excited twenty
randomly selected CA1 PCs (see Fig. 2). The 100 by 100 dimensional
weight matrices were created by setting matrix entry (i, j), wij = 1 if
input cell i and output cell j were both active in the same pattern
pair; otherwise weights were set to 0. The weight matrices were
then applied to our network by connecting an EC-L2 input to a
DG-GC, a DG-GC to a CA3-PC, an EC-L2 input to a CA3-PC, a CA3PC to a CA1-PC, and an EC-L3 input to a CA1-PC with a high
AMPA conductance (see value in Supplementary Tables S12–S14)
if their connection weight was 1, or with a low conductance (see
value in Supplementary Tables S12–S14) if their connection weight
was 0. This approach is in line with the experimental evidence of a
two-state synapse (Petersen, Malenka, Nicoll, & Hopﬁeld, 1998).
2.16. Recall performance
The recall performance metric used for measuring the distance
between the recalled output pattern, A, from the required output

A  A
PN A  
i¼1 Ai 
j¼1 Aj

C ¼ P
NA

ð1Þ

where NA is the number of output units. The correlation takes a
value between 0 (no correlation) and 1 (the vectors are identical).
The higher the correlation, the better the recall performance.
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EC-L2 EC-L3

EC-L2

all-to-all

M GC

N CA3 PC

N CA1 PC

Fig. 2. Connectivity in the hippocampal formation microcircuit model. EC-L2 excites 4 randomly selected DG GCs (red circles), which in turn excite 20 randomly selected CA3
PCs, which excite all CA1 PCs. EC-L2 also excites non-selectively all CA3 PCs, whereas EC-L3 excite the same 20 CA1 PCs as the CA3 input. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

inhibition on the propagation delays by systematically varying the
strength of inhibitory connections throughout the network model
(see Supplementary Tables S12–S14). Below we described how
and why the inhibitory cells in the model were turned on and off
in order to simulate the slow propagation times in the
hippocampus.

excite the MCs and HCs in the network, which in turn recurrently
excite and inhibit the GCs, respectively. (3) The excited HCs, which
target the distal dendrites of the GCs, act as threshold setters that
allow only the GCs that learned the memory pattern (strengthened
their synapses) in the ﬁrst half theta cycle to ﬁre (see Fig. 5b) and
silence all other spurious GCs (data not shown).

3.1. Theta modulated somatic inhibition can create long conduction
latencies of DG principal cells

3.2. Theta modulated axonic inhibition can create long conduction
latencies on CA3 principal cells

Fig. 5 shows the ﬁrings of DG excitatory and inhibitory cells
with respect to three cycles of EC-L3 ﬁeld theta (see Fig. 5a).
During the ﬁrst half theta cycle (trough-to-peak of EC-L3 ﬁeld
theta) DG granule cells whose dendrites reach the ML in the
absence of any inhibition will be excited by the strong EC-L2
inputs. Their ML synapses are strengthened during this half theta
cycle. Pavlides, Greenstein, Grudman, and Winson (1988) have
shown that LTP is maximal at the positive peak of theta recorded
in the fascia dentata (granule cell layer). Granule cell layer is
180° off phase with the EC-L3 ﬁeld theta (Hasselmo, 2005).
However, during this cycle DG basket cells, whose dendrites also
reach the ML, are also excited by the strong EC-L2 inputs
(Mizuseki et al., 2009). BCs, which are fast spiking inhibitory cells
(their maximal ﬁring frequency has been reported by Lubke,
Frotscher, and Spruston (1998) to reach 150 Hz) inhibit the GCs
in their somas (see Fig. 5c). In addition, BCs inhibit the MCs and
HCs, which in turn fail to recurrently excite and inhibit the GCs,
respectively (see Fig. 5b, d and e).
During the second half theta cycle (peak-to-trough of EC-L3
ﬁeld theta), the EC-L2 input is ‘‘weak’’ (see Figs. 3 and 4). In this
cycle the BCs are inhibited by the MS inhibition (MS360) (see
Fig. 5c and g). The inhibition of BCs allows three things to happen:
(1) GCs ﬁre APs (see Fig. 5b). Although the EC-L2 input to the GC
dendrites is ‘‘weak’’, their synapses were strengthened in the previous half theta cycle, thus their tendency to ﬁre is increased even
in the presence of a weak excitatory stimulus. (2) The MCs and HCs
are disinhibited (see Fig. 5d and e). The excited GCs recurrently

Fig. 6 shows how CA3 cells ﬁre with respect to three cycles of
EC-L3 ﬁeld theta (see Fig. 6a). During the ﬁrst half theta cycle
(trough-to-peak of EC-L3 ﬁeld theta), the EC-L2 input is strong
and broadly excites the SLM dendrites of all CA3-AACs, CA3-BCs
and CA3-PCs in the network. In the absence of any inhibition, the
‘‘strong’’ EC-L2 input is sufﬁcient to cause the CA3-PCs to ﬁre
action potentials. However, experimental evidence has shown that
CA3 AACs are maximally active during this half theta cycle (Viney
et al., 2013). The CA3 AACs are fast spiking inhibitory cells that
inhibit the CA3 PCs in their axons (Viney et al., 2013), thus preventing them from ﬁring APs in this half-cycle of theta (see Fig. 6c). The
CA3-BCs, although excited by the ‘‘strong’’ EC-L2 input, are inhibited in this theta half-cycle in their somas by the MS inhibition
(MS180) (see Fig. 6f). In the model, due to its proximity to the BC
soma the MS inhibition is stronger than EC-L2 excitation, and thus
the CA3-BCs are silent during this half-cycle of theta.
During the second half theta cycle (peak-to-trough of EC-L3
ﬁeld theta), the EC-L2 input is ‘‘weak’’ (see Fig. 3). The MS180 inhibition to CA3-BCs is lifted off allowing the CA3 BCs to ﬁre maximally
(see Fig. 6d and f) (Tukker et al., 2013), whereas the maximally
active MS360 inhibits the CA3-AACs (see Fig. 6c and g) (Viney
et al., 2013). The CA3-PCs are excited in their SL synapses by the
GCs mossy ﬁbers, which are maximally active. In the absence of
any inhibition and because these synapses act like ‘‘detonators’’
(a single mossy ﬁber synapse is sufﬁcient to ﬁre a CA3 PC
(Brown & Zador, 1986; Henze, Wittner, & Buzsáki, 2002;
McNaughton & Morris, 1987) will cause the CA3 PCs with which
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Fig. 3). The MS inhibition (MS180) inhibits the CA1-BCs and CA1AACs (see Fig. 7f) in their somas and because of its proximity to
the somas compared to the EC-L3 excitation, the CA-AACs and
CA1-BCs will be inhibited during this half cycle (see
Fig. 7c and d). Experimental evidence has shown that the AACs
and BCs are silent during the trough of the CA1 SP theta
(Klausberger & Somogyi, 2008), which is in phase with EC-L3 theta
(see Fig. 4) (Stella & Treves, 2011). Because the strength of EC-L3
excitation to PCs’ distal dendrites is weak, the PCs distal dendrites
are not excited sufﬁciently and therefore the PCs fail to ﬁre action
potentials. Experimental studies (Mizuseki et al., 2009) however
have reported that the CA1-PCs ﬁre maximally during this halftheta cycle and they form stable place ﬁelds (Brun et al., 2002)
(see Fig. 3). Golding et al. (2005) suggested that the distal synaptic
inputs may be effective in causing CA1-PCs to ﬁre action potentials
when their distal dendrites are more excitable, a proposition supported by prior work in our lab, using a detailed biophysical CA1 PC
model (see Fig. 3 in Poirazi et al. (2003b)). Building on these propositions, we explored the synaptic and ionic parameters that overcome this apparent attenuation of the distal dendritic signal and
made the CA1-PC distal dendrites more excitable. We ﬁrst explored
the synaptic effects on the dendritic excitability of the pyramidal
cells in the CA1 network. We increased the number of AMPA

Fig. 3. Temporal relationships between layer- and region-speciﬁc ﬁring patterns
and theta modulated current sinks in the entorhinal and hippocampal regions with
respect to EC-L3 ﬁeld theta (adapted with permission from Mizuseki et al. (2009)).

they synapse to ﬁre APs. The maximally active BCs act as threshold
setters that will remove all spurious CA3 PC activity (data not
shown), while preserving the pattern related one (see Fig. 6b).
The CA3-OLMs are recurrently excited by the CA3-PCs (see
Fig. 6e), which in turn inhibit the CA3-PC apical dendrites and
shut-off the broad excitatory effects of EC-L2 input to the CA3-PC
apical dendrites. Previous computational models have suggested
that the broad excitatory EC-L2 input to CA3-PC apical dendrites
may function as the context of a memory (Kunec et al., 2005).
3.3. Theta modulated inhibition and increased apical dendritic
excitability can create long conduction latencies of CA1 principal cells
Fig. 7 shows how CA1 cells ﬁre with respect to three cycles of
the EC-L3 ﬁeld theta. During the ﬁrst half-cycle of theta (troughto-peak of EC-L3 theta), the EC-L3 input, which excites the SLM
synapses of the CA1-PCs, CA1-AACs and CA1-BCs, is weak (see

Fig. 4. Temporal relationships between layer- and region-speciﬁc ﬁring patterns
and LFPs in entorhinal and hippocampal regions (adapted with permission from
Stella and Treves (2011)). Histograms reﬂect the ﬁring rates of principal cells in
each region. Dashed curves reﬂect LFP amplitudes at different locations.
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Fig. 5. Voltage traces of a DG pattern GC cell (b), a DG BC (c), a DG MC (d), and a DG HC cell (e) with respect to EC-L3 (a), MS-180 (f) and MS-360 (g) ﬁeld thetas. Three ﬁeld
theta cycles are depicted. DG: dentate gyrus; GC: granule cell; BC: basket cell; MC: mossy cell; HC: hilar perforant path cell; EC-L3: layer 3 entorhinal; MS: medial septum.

synapses (from 2 synapses to 34 synapses) present in the distal
CA1-PC SLM dendrites. We still observed a great attenuation of
the SLM summed PSPs on their way to the soma (see dashed line
in Fig. 8). Experimental studies (Losonczy et al., 2008) reported
that reduction of the A-type K+ current increases the dendritic
excitability of CA1 PCs. Via our parametric exploration of the
CA1-PC model cell we identiﬁed axial resistance (Ra) as another
factor that inﬂuences its dendritic excitability. We then reduced
both factors (A-type K+ conductance in the soma and Ra in all compartments) (see Supplementary Table S7 for values), and we
observed an increase in the dendritic excitability of the CA1-PCs,
thus allowing them to ﬁre APs and overcome the in vitro reported
signal attenuation (see solid line in Fig. 8).
During the second half-cycle of theta (peak-to-trough of EC-L3
theta), the MS180 inhibition was lifted off, and the MS360 and ECL3 inputs were strong. The Schaffer collateral CA3 input also
excited the proximal synapses of the CA1-AACs, CA1-BCs, CA1BSCs and CA1-PCs. Because the CA1-AACs and CA1-BCs were now
activated (see Fig. 7c and d) by the strong EC-L3 input and the
strong CA3 input, they ﬁred APs. In turn they inhibited the CA1PCs in their axons and somas and prevented them from ﬁring
action potentials. The CA3 input excited the proximal synapses of
the CA1-BSCs, which overcame the MS360 inhibition and caused
them to ﬁre APs (see Fig. 7e). The BSCs in turn inhibited all PCs
in the network in their proximal to the soma synapses and provided a threshold mechanism by which only the relevant to the
memory pattern PCs were excited (see Fig. 7b) and all other PCs
were silenced (data not shown).

3.4. Timing of cells to theta oscillations
The temporal relationships of DG-GCs, CA3-PCs and CA1-PCs
with EC-L3 ﬁeld theta are depicted in Fig. 9. It is evident that the

GCs and CA3-PCs ﬁre in phase with each other and in relation with
the peak-to-trough phase of EC-L3 theta, whereas the CA1-PCs ﬁre
in relation with trough-to-peak phase of the EC-L3 theta. DG-GCs
and CA3-PCs ﬁre about 90–100 ms from when they are stimulated,
whereas the CA1-PCs ﬁre about 140 ms from when they are
stimulated.
Fig. 10 depicts the simulated ﬁring histograms of DG-GCs, CA3PCs, and CA1-PCs with respect to the EC-L3 ﬁeld theta oscillation.
The histograms were generated from cell spiking during runs of
100–200 theta cycles. The spike times of each cell were normalized
to a theta cycle (140 ms) and binned into 5–10 ms bins. As in the
Misuzeki et al. study (2009), the CA1-PCs ﬁre in the beginning of
each theta cycle (trough-to-peak) (10–20 ms after been activated), whereas the DG-GCs and CA3-PCs ﬁre about 20–30 ms into
the second half-theta cycle (peak-to-trough).
3.5. Recall of a previously stored pattern
We now consider the recall of a previously stored pattern in the
presence of a number of different theta modulated inhibitory cells,
the roles of which were described in the previous section. A pattern
is stored by generating weight matrices based on a clipped
Hebbian learning rule, and using the weight matrices to pre-specify the EC-L2 to DG-GC, DG-GC to CA3-PC, EC-L2 to CA3-PC, EC-L3
to CA1-PC, and the CA3-PC to CA1-PC connection weights. To test
the recall performance of our network to a previously stored pattern, the associated input patterns were applied as cues in the form
of spiking of active EC-L2 and EC-L3 inputs. The entire cue patterns,
whose strengths were theta modulated at opposite theta phases
(Mizuseki et al., 2009), were repeated at half theta frequency.
During a theta cycle all inhibitory interneurons in the network
switched on and off as described in the previous section. Typical
ﬁring patterns of the different cell types across a theta cycle are
illustrated in Figs. 5–7.
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Fig. 6. Voltage traces of a CA3 pattern PC cell (b), a CA3 AAC (c), a CA3 BC (d), and a CA3 OLM cell (e) with respect to EC-L3 (a), MS-180 (f) and MS-360 (g) ﬁeld thetas. Three
ﬁeld theta cycles are depicted. PC: pyramidal cell; BC: basket cell; AAC: axo-axonic cell; OLM: oriens lacunosum-moleculare cell; EC-L3: layer 3 entorhinal; MS: medial
septum.

The recall of a pattern during three theta cycles is shown in
Fig. 11. Subplot (a) is a raster plot of the spiking of (a) septal
180° and 360° (top 20 rows), EC-L3-180° and EC-L3-360° (next
200 rows), and EC-L2-180° and EC-L2-360° (bottom 200 rows)
input. Subplots (b, d, f) are raster plots of the spiking of (b) DG
GCs, (d) CA3 PCs, and (f) CA1 PCs, respectively. The DG-GCs,
CA3-PCs and CA1-PCs were active one or two times during a
recall cycle, with their spiking activity exactly matching the
stored pattern.
Recall performance is calculated by measuring the DG-GC, CA3PC and CA1-PC spiking activity during a sliding 5 ms time window
(Fig. 11c, e, and g). For each window a binary vector of length 100 is
formed, whose entries have a value of 1 if the corresponding GC,
CA3-PC, and CA1-PC spiked in that window. The correlation (normalized dot product depicted in Eq. (1)) of these vectors with the
expected ones is calculated to give a measure of recall quality
between 0 and 1, with 1 corresponding to perfect recall.
Fig. 11c, e and g shows recall over time. We can see that if the
interneurons wax and wane their activities as we proposed in
the previous section, then the recall of each sub-network (DG,
CA3 and CA1) is a perfect one.
4. Discussion
4.1. General issues
A detailed biophysical model of the hippocampal DG, CA3 and
CA1 microcircuitries has been presented, which describes how
the experimentally recorded theta phase separation of DG-GC,
CA3-PC and CA1-PC and six different types of excitatory and inhibitory interneuronal activities recorded in DG, CA3 and CA1 at

opposite half-cycles of theta (Klausberger & Somogyi, 2008;
Mizuseki et al., 2009; Somogyi et al., 2014; Tukker et al., 2013;
Viney et al., 2013) can explain the long temporal windows of activity observed in the entorhinal–hippocampal loop (Mizuseki et al.,
2009). All cells in our model were extensively validated against
experimental data by previous researchers (Migliore et al., 1995;
Poirazi et al., 2003a, 2003b; Aradi & Holmes, 1999; Santhakumar
et al., 2005; Saraga et al., 2003), thus casting them faithful representations of biophysical hippocampal cells. Our computational
study was the ﬁrst to our knowledge to present computational evidence that theta modulated somatic inhibition in DG, axonic
inhibition in CA3, and the interplay of synaptic (theta modulated
somatic and axonic inhibition) and ionic mechanisms (reduced
axial resistance along the dendritic tree and conductance of A-type
K+ channels in the soma) in CA1 are some of the potential biophysical mechanisms that support the experimentally reported long
temporal windows of neural excitability in successive hippocampal stages (DG, CA3 and CA1) (Mizuseki et al., 2009). Our model
simulated the timing of ﬁring of different hippocampal cell types
relative to the theta rhythm in animals (Klausberger et al., 2003,
2004; Klausberger & Somogyi, 2008; Mizuseki et al., 2009;
Somogyi & Klausberger, 2005; Somogyi et al., 2014; Tukker et al.,
2013; Viney et al., 2013) and proposed functional roles for the different classes of inhibitory interneurons in HF (DG, CA3 and CA1).
Our model showed that if HF cells ﬁre in the experimentally
reported temporal windows (Mizuseki et al., 2009), then the recall
performances of the DG, CA3 and CA1 sub-networks are perfect
(see Fig. 11). As we have shown before (Cutsuridis, Cobb, et al.,
2010; Cutsuridis & Hasselmo, 2012), the model emphasizes the
cooperation of extra-hippocampal inputs for the proper recall of
a memory pattern.
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Fig. 7. Voltage traces of a CA1 pattern PC cell (b), a CA1 AAC (c), a CA1 BC (d), and a CA1 BSC (e) with respect to EC-L3 (a), MS-180 (f) and MS-360 (g) ﬁeld thetas. Three ﬁeld
theta cycles are depicted. PC: pyramidal cell; BC: basket cell; AAC: axo-axonic cell; BSC: bistratiﬁed cell; EC-L3: layer 3 entorhinal; MS: medial septum.

Fig. 8. Voltage traces of a CA1 PC when (A) gKA = 0.075 S/cm2 (soma) and
Ra = 150 X cm (all compartments), and (B) gKA = 0.025 S/cm2 (soma) and
Ra = 50 X cm (all compartments). Note that when gKA and Ra are reduced by one
third, then the CA1 PC becomes more excitable and ﬁres an action potential even
when it is stimulated in its LM dendrites. LM thick: lacunosum-moleculare
dendrites 500 lm from the soma; radTprox: stratum radiatum dendrites located
100 lm from the soma; radTmed: stratum radiatum dendrites located 200 lm from
the soma; radTdist: stratum radiatum dendrites located 400 lm from the soma.

4.2. Model assumptions are experimentally grounded
Our model with all of its complexity made some crucial
assumptions on how model excitatory and inhibitory cells in HF
and MS were turned on and turned off with respect to the

EC-L3 theta reference signal. Our assumptions are grounded on
experimental data. First of all, we assumed that the DG excitatory
(GCs and MCs) and inhibitory (BCs and HCs) cells were theta
modulated. BCs were assumed to ﬁre in the ﬁrst half theta cycle,
whereas GCs, HCs and MCs ﬁred in the opposite second half theta
cycle. Soltesz, Bourassa, and Deschênes (1993) demonstrated
experimentally that DG MCs in vivo ﬁre rhythmically with respect
to the ﬁssure theta. Similarly, Ewell and Jones (2010) reported
that DG-BCs and DG-GCs are theta modulated and ﬁre at opposite
theta cycles.
Similarly in model CA3 network, we assumed that excitatory
and inhibitory cells were theta modulated and phase-locked to
opposite theta half-cycles. Model AACs ﬁred in phase with the peak
of the EC-L3 theta, whereas BCs, PCs and OLMs ﬁred in phase with
the trough of the EC-L3 theta. Viney et al. (2013) reported that CA3
AACs ﬁre in phase with peak of the CA3 theta, which oscillates in
phase with the EC-L3 theta, whereas CA3 BCs and PCs ﬁre in phase
with the trough of the CA3 theta (Tukker et al., 2013). CA3 OLMs
are recurrently excited by the CA3-PCs and hence they ﬁre in phase
with the CA3-PCs (Vida, 2010).
Similar assumptions were made in our model CA1 network. CA1
AACs and BCs were assumed to be phase-locked to the peak of
theta, whereas BSCs to be phase locked to the peak-to-trough theta
phase and PCs to the theta trough. Klausberger et al. (2003, 2004,
2005) have shown in anesthetized animals similar theta rhythmic
changes of neuronal excitability in region CA1 of the hippocampus.
They showed that AACs and BCs ﬁre in phase with the peak of the
SP theta, whereas BSCs and PCs ﬁre 180° out of phase from the
AACs and BCs, but in phase with the trough of the SP theta
(Klausberger et al., 2003, 2004). Recent in vivo recordings from
the same group reported similar theta ﬁring phases of CA1 cells
in freely-moving animals (Lapray et al., 2012).
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Fig. 9. Temporal relationships of voltage traces of a DG GC, a CA3 PC and a CA1 PC with respect to EC-L3 ﬁeld theta.

Finally, in the model we assumed that theta was paced by two
separate GABAergic populations of MS cells ﬁring at opposite
phases of our EC-L3 theta reference signal. Experimental studies
have showed that theta rhythm in HF is paced by MS and diagonal
band of Broca in the basal forebrain (Stewart & Fox, 1990; Winson,
1978), although each of the HF regions has its own mechanisms to
maintain theta on its own (Buzsaki, 2002; Montgomery et al.,
2009). MS cell activities have been shown to be theta modulated
(Borhegyi et al., 2004; Dragoi et al., 1999; Stumpf et al., 1962).
GABAergic MS neurons form two distinct populations exhibiting
highly regular bursting activity that is coupled to either the trough
or the peak of hippocampal theta waves (Borhegyi et al., 2004).
4.3. What have we learned from the model?
4.3.1. Factors increasing CA1 pyramidal neuron dendritic excitability
In vivo recordings in rats have shown that in the absence of
inhibition CA1 PCs can form sharp and stable place ﬁelds when
the direct entorhinal input is intact, but the Schaffer collateral
one is completely removed (Brun et al., 2002). Similarly,
Mizuseki et al. (2009) reported that direct entorhinal connections
to CA1-PCs can support spatial ﬁring and spatial memory. In-vitro
studies, however, have reported a great attenuation of the SLM
summed postsynaptic potentials on their way to the soma and
axon (Golding et al., 2005; Magee & Cook, 2000; Stuart &
Spruston, 1998). Golding et al. (2005) suggested that the distal
synaptic inputs are likely only to be effective in causing CA1-PCs
to ﬁre action potentials when their distal dendrites are highly excitable. One way to increase excitability in these dendrites is by clustering of excitatory synaptic inputs, as previously shown by Poirazi
et al. (2003b) and Pissadaki, Sidiropoulou, Reczko, & Poirazi (2010).

Here, we parametrically explored the biophysical mechanisms
that counteracted the attenuation of the dendritic signal, thus
making the CA1-PC distal dendrites more excitable and allowing
the CA1-PCs to ﬁre action potentials. Keeping the passive and
active properties of CA1-PCs unchanged we ﬁrst increased the
number of AMPA synapses (from 2 synapses to 34 synapses) present in the distal CA1-PC SLM dendrites. We still observed a great
attenuation of the SLM summed PSPs on their way to the soma (see
dashed line in Fig. 8). Losonczy et al. (2008) reported that reduction
of the A-type K+ current increases the dendritic excitability of CA1
PCs. We identiﬁed also that the axial resistance (Ra) is a factor that
inﬂuences the excitability of PC dendrites. Thus, by reducing both
factors (A-type K+ conductance in the soma and Ra in all compartments) by one third (see Supplementary Table S7 for values), we
increased the dendritic excitability of the CA1-PCs, thus allowing
the CA1-PCs to ﬁre APs and overcome the apparent signal attenuation (see solid line in Fig. 8).
4.3.2. Computational utility of theta modulated temporal delay effects
Mizuseki et al. (2009) simultaneously recorded in multiple layers of the dorsocaudal medial EC and hippocampal regions (DG,
CA3 and CA1) the LFP and unit ﬁring of cells in rats, when they
either explored an open ﬁeld, or ran a linear track, or performed
in a T maze alternation task, or a rewarded wheel-running track.
They reported that ‘‘principal cells in several monosynaptically
connected layers/regions ﬁred with signiﬁcantly longer theta
phase offsets and temporal delays than would be expected by axonal conduction times, synaptic delays, and passive synaptic
integration’’. They speculated that these theta modulated temporal
delay effects may ‘‘represent the result of autonomous local computation’’ (see pp. 268 in Mizuseki et al. (2009) study).
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Fig. 10. Simulated ﬁring histograms of model cells with respect to extracellular theta oscillation. (a) Simulation theta oscillation measured from the layer 3 entorhinal cortex.
(b) Dentate gyrus granule cell. (c) CA3 pyramidal cell. (d) CA1 pyramidal cell. Histograms were generated from cell spiking during runs of 100–200 theta cycles. Spike times
were normalized to a theta cycle (140 ms) and binned into 5–10 ms bins.

Our model proposed that if the DG, CA3 and CA1 principal cell
excitability is theta phased and separated as in the experimentally
reported studies (Mizuseki et al., 2009), then the DG-CA3-CA1 network can encode and retrieve a memory accurately (see Fig. 11).
For the accurate recall of a memory pattern the dendritic inhibition
in all three hippocampal regions (HC in DG, BC in CA3 and BSC in
CA1) is instrumental by thresholding the GC and CA3- and CA1PC ﬁring, respectively. This result is in line with previous experimental results (Winson, 1978) and computational studies at both
the single cell level, showing that inhibition is critical for gating
and transforming the ﬁring pattern of CA1 PCs (Pissadaki et al.,
2010), and the network level (Cutsuridis et al., 2008; Cutsuridis,
Cobb, et al., 2010; Cutsuridis et al., 2011; Cutsuridis & Hasselmo,
2012; Cutsuridis & Wenneckers, 2009; Kunec et al., 2005) showing
that theta oscillations are implicated in the encoding and retrieval
of memories (Cutsuridis & Hasselmo, 2012; Cutsuridis &
Wenneckers, 2009; Cutsuridis et al., 2008; Cutsuridis, Cobb, et al.,
2010; Hasselmo et al., 2002; Jensen & Lisman, 2005; Kunec et al.,
2005) and disruption of them results in behavioral deﬁcits
(Winson, 1978).
4.4. Future work
Several extensions to the basic idea deserve further consideration. One such idea is to explore how theta phase separated storage
and recall of memories takes place in the hippocampal formation
(DG, CA3 and CA1). To explore storage, a Hebbian learning rule
(e.g., STDP) needs to be added into the microcircuit and investigate
how synapses at which excitatory inputs impinge onto are

strengthened and weakened. Experimental studies have shown
that synaptic plasticity in the hippocampus is theta modulated.
In urethane-anesthetized rats long term potentiation (LTP) is more
effectively induced in the dentate gyrus when a tetanus is delivered at the peak of theta recorded in the granule cell layer, which
is in phase with the one recorded at the SLM (Pavlides et al., 1988).
Holscher, Anwyl, and Rowan (1997) showed that when stimulation
is delivered at the peak of theta recorded in the stratum radiatum,
then LTP is induced, while stimulation delivered at the tough of
theta causes depression. Similar results have been shown in freely
moving animals (Hyman, Wyble, Goyal, Rossi, & Hasselmo, 2003;
Orr, Rao, Houston, McNaughton, & Barnes, 2001). An interesting
question is how many theta cycles the network requires to store
a pattern and recall it accurately. Then issues of memory capacity
and recall performance of the network when inhibition is selectively added or removed can be addressed.
Another idea is to explore the role of inhibitory synaptic plasticity (Kullmann, Moreau, Bakiri, & Nicholson, 2012) in the encoding
and retrieval of memories in the HF microcircuit. Recent experimental studies have shown that GABAergic interneurons undergo
various forms of long-term plasticity (Lamsa, Kullmann, &
Woodin, 2010). Hippocampal oriens interneurons display antiHebbian long term potentiation which depends on cholinergic
modulation via nicotinic acetylcholine receptors (Griguoli, Cellot,
& Cherubini, 2013). A recent computational study has shown that
inhibitory plasticity in a cortical recurrent network operates as a
homeostatic mechanism that leads to robust and self-organized
balance of excitation and inhibition that requires no external ﬁne
tuning (Vogels, Sprekeler, Zenke, Clopath, & Gerstner, 2011).
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Fig. 11. Example of pattern recall. The EC-L2 input to DG-GCs is cueing the pattern, EC-L2 and EC-L3 inputs are present to drive the inhibitory interneurons, but they are
disconnected from the CA3-PCs and CA1-PCs, respectively, so that recall is purely due to the EC-L2 input cue. Three 70 ms recall half-cycles are shown (interspersed with
70 ms storage half-cycles, but no learning rule is present). (a) Raster plot showing the septal 180° (top 10), septal 360° (next 10), EC-L3 180° (next 100), EC-L3 360° (next 100),
EC-L2 180° (next 100), and EC-L2 360° (bottom 100) input spikes. (b) Raster plot showing DG GC activities. (c) Recall quality in DG with sliding window (5 ms time bins). (d)
Raster plot showing CA3 PC activities. (e) Recall quality in CA3 with sliding window (5 ms time bins). (f) Raster plot showing CA1 PC activities. (g) Recall quality in CA1 with
sliding window (5 ms time bins).
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Glossary
DG: dentate gyrus
PC: pyramidal cell
BC: basket cell
AAC: axo-axonic cell
BSC: bistratiﬁed cell
OLM: oriens lacunosum-moleculare cells
MC: mossy cell
HC: hilar perforant path associated cell
EC: entorhinal cortex
MS: medial septum
HF: hippocampal formation
LFP: local ﬁeld potential
SP: stratum pyramidale
NGL: neurogliaform cell
IVY: ivy cell
GCL: granule cell layer
ML: molecular layer
SL: stratum lucidum
SO: stratum oriens
LTP: long term potentiation
EC-L2: entorhinal cortex, layer 2
EC-L3: entorhinal cortex, layer 3
SLM: stratum lacunosum moleculare
SM: stratum moleculare
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