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Abstract Spatial learning involves the storage and replay
of temporally ordered spatial information. The hippocampus is a key brain structure involved in spatial learning in
rats. Temporally ordered spatial memories are encoded and
replayed by the firing rate and phase of hippocampal
pyramidal cells and inhibitory interneurons with respect to
ongoing network theta and ripple oscillations paced by
intra- and extrahippocampal areas. Theta oscillations
(4–7 Hz) may contribute to memory formation, whereas
fast ripple oscillations to temporally compressed forward
and reverse replay of previously stored memories. Different classes of CA1 excitatory and inhibitory neurons and
medial septal inhibitory neurons have been shown to differentially phase their activities with respect to theta and
ripples. Understanding how the different hippocampal and
extrahippocampal areas and their neuronal classes interact
during these network oscillations and how they facilitate
the storage and replay of spatiotemporal memories is of
great importance. A computational model of the hippocampal CA1 microcircuit that uses biophysical representations of the major cell types, including pyramidal cells
and four types of inhibitory interneurons, is extended.
Inputs to the network come from the entorhinal cortex
(EC), the CA3 Schaffer collaterals and the medial septum.
A biophysical mechanism of spike timing-dependent
plasticity (STDP) is used for learning spatial memory
patterns in the correct order. The model addresses two
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important issues: (1) How are the storage and replay (forward and reverse) of temporally ordered memory patterns
controlled in the CA1 microcircuit during theta and ripples? (2) What roles do the various types of inhibitory
interneurons play in these processes?
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Region CA1  Inhibitory interneurons 
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Introduction
Navigation in a previously unknown environment requires
the animal to learn a sequence of spatial locations in order
to reach its goal. Such a task is often complex particularly
when there are many possible routes an animal can choose
to follow. One of the simplest tasks used for testing goaldirected behavior in animals is the linear track. The linear
track paradigm requires the animal to run between two
stations (A and Z) without interruptions. The track consists
of N number of spatial locations (e.g., A–B–C–D–) each
encoded by a particular class of cells found in the hippocampus termed place cells. Learning and replaying the
correct order of places in an environment by the place cells
in the hippocampus could be behaviorally important to the
animal the next time it navigates in the same environment
in order to avoid a predator or look for food.
Researchers have proposed a number of theoretical and
computational models of the dynamics of memory function
in the hippocampus [1, 12–15, 17, 36–38, 52, 60, 63, 64, 72].
The dentate gyrus of the hippocampus has been implicated in
pattern separation [36, 63], whereas region CA3 in pattern
completion and sequence learning [36, 63]. Region CA1 has
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been linked to a number of functions including temporal
pattern completion and spatial and object novelty detections [39, 41, 51]. The way in which region CA1 networks
of excitatory cells contribute to these memory processes
may involve comparison [60, 64] of information from its
two primary inputs: (1) the Schaffer collateral afferents
that relay information from region CA3 that originated in
layer II of the entorhinal cortex and (2) the perforant path
input from layer III of the entorhinal cortex. Comparison
of these two converging inputs allows the CA1 neurons to
detect novelty [75] or mismatch from expectations [37],
and activation of retrieval mechanisms [37, 50]. Treves
[72] recently proposed that region CA1 may be involved
in directing movement from one pattern to the next in a
stored sequence of events.
In recent years, different classes of inhibitory interneurons have been identified in the hippocampus based on
their morphology, physiology, synaptic properties, connectivity and molecular characteristics [2, 14, 40, 44–46].
These types of neurons have been suggested to sculpt the
activity of the excitatory cells (pyramidal cells), thus
allowing them to fire at particular temporal windows [55]
and phases with respect to external ongoing oscillations
[44–46]. Much of this data was obtained from urethaneanesthetized animals with lower frequencies corresponding
to atropine-sensitive theta [48].
Network oscillations (e.g., theta and ripples) in the
hippocampus are either paced by extrahippocampal areas
(e.g., medial septum (MS)) or produced by internal
mechanisms within the hippocampus [7, 10, 70]. Theta
oscillations [31, 59, 65] have been implicated in memory
formation by separating encoding (storage) and retrieval in
two independent functional sub-cycles of theta [35, 53, 62].
Gamma oscillations have been proposed to be an internal
clock [11, 32]. Ripples play a role in the replay (forward
and reverse) of memories in a temporally compressed
window [7, 18, 24]. During the sharp-wave-associated
ripple state, pyramidal cells initiate population bursts,
which then cause the already locally stored memories in the
hippocampus to reach the neocortex and hence to be
replayed [7].
Cutsuridis et al. [12–14, 17] were the first to demonstrate the biological feasibility of the separation of storage
and recall processes into separate theta sub-cycles. They
advanced detailed biophysical models of the CA1 microcircuit of the hippocampus in order to investigate issues
such as retrieval of memories as a function of cue loading,
presentation frequency and learning paradigm, memory
capacity and recall performance in the presence of various
types of inhibitory interneurons during atropine-sensitive
theta oscillations [12, 13, 17].
In this paper, we extend these models in order to
investigate how the different types of CA1 and MS
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excitatory and inhibitory cells contribute to the theta
encoding, theta retrieval and ripple replay (forward and
reverse) of temporally ordered place locations when the rat
is standing still or is navigating a linear track. The neuronal
diversity, physiology, synaptic properties, connectivity and
spatial distribution in that model closely followed known
experimental evidence of the hippocampal microcircuit
[14]. The cells in the present work use simplified morphologies of the CA1 excitatory and inhibitory cells of the
Cutsuridis et al. [13, 14] study. Inputs to the network come
from the entorhinal cortex, CA3 area and the medial septum. In contrast to the Cutsuridis et al.’s [13, 14] study
where a phenomenological STDP rule was used in proximal dendrite of the CA1 pyramidal cells, in the present
work learning of the spatial memories is achieved through
a biophysical spike timing-dependent plasticity rule [66]
situated in the proximal and distal dendrites of the CA1
pyramidal cells. Our model attempts to answer the following questions: (1) How are the theta encoding, theta
retrieval and ripple replay (forward and reverse) of temporally ordered spatial memory patterns controlled in
region CA1 of the hippocampus during theta and ripple
oscillations? (2) What roles do the various types of inhibitory interneurons play in these processes?

Model Architecture, Properties and Assumptions
Cells
Each pyramidal cell consists of 4 compartments: an axon, a
soma, a proximal dendrite and a distal dendrite. The
pyramidal cell model contained a fast Na? current, a
delayed rectifier K? current, a low-voltage activated
(LVA) L-type Ca2? current, an A-type K? current, a calcium-activated medium after-hyperpolarization (mAHP)
K? current and an h-current [13, 15]. The conductance of
the h-current was set to 0.005 mS/cm2 at the soma,
0.01 mS/cm2 at the proximal dendrite and 0.02 mS/cm2 at
the distal dendrite.
All inhibitory interneurons (axo-axonic cell (AAC),
basket cell (BC), bistratified cell (BSC) and oriens
lacunosum-moleculare cell (OLM)) consist of a single
compartment (soma). AAC, BC and BSC contained a fast
Na? current, a delayed rectifier K? current, a leakage
current and an A-type K? current [15]. The OLM cell
contained a fast Na? current, a delayed rectifier K? current,
a persistent Na? current, a leakage current and an h-current
[15, 19, 25, 26, 49, 76].
The mathematical formalism used to describe the ionic
properties of all cells in the CA1 microcircuit is described
in the Appendix.
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Inputs
Excitatory inputs to the network originate from the entorhinal cortex (EC) and the CA3 area of the hippocampus
(CA3 Schaffer collaterals), whereas inhibitory ones arise
from the medial septum (MS) (see Eq. 45 in the Appendix
for their mathematical formalism). The EC input excites
the distal dendrites of the PCs, whereas the CA3 input
excites their proximal ones. Both EC and CA3 inputs arrive
at the same time in the PC dendrites.
During theta, each pyramidal cell in the network
receives a different set of EC and CA3 inputs (PC1 is
excited by EC1 and CA31, PC2 by EC2 and CA32, PC3 by
EC3 and CA33 and PC4 by EC4 and CA34) (see Fig. 1). The
order by which the EC and CA3 inputs are presented to
each PC is EC1 and CA31 first, followed by EC2 and CA32,
then by EC3 and CA33 and finally by EC4 and CA4. The
duration of each set of EC and CA3 inputs is 2,250 ms
(nine theta cycles, each theta cycle with duration of
250 ms) (see Fig. 2b). The presentation frequencies of the
EC and CA3 inputs are set to 100 Hz (interspike interval
(ISI) = 10 ms) and 50 Hz (ISI = 20 ms), respectively
[11].
Experimental evidence has shown that the MS and the
hippocampus are reciprocally connected [69]. The parvalbumin-immunoreactive GABAergic neurons of MS [27]
have been shown to selectively innervate GABAergic
interneurons in the hippocampus [28], which in turn project

Fig. 1 Hippocampal CA1 microcircuit model with its four pyramidal
cells and their corresponding inputs when the rat is transversing the
linear track (see Fig. 5). Each pyramidal cell receives inputs from
layer III entorhinal cortex (EC input) at its distal dendrite and the CA3
area (CA3 Schaffer collateral input) at its proximal dendrite. Both EC
and CA3 inputs arrive at each PC at the same time. Each PC in the
network is activated at different times by a different set of EC and
CA3 inputs. PC1 is activated first by EC1 and CA31 from 1,001 to
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back to MS and inhibit the MS GABAergic neurons [69].
Although there is presently no experimental evidence on
which CA1 inhibitory interneurons are inhibited by the MS
GABAergic cells, we assumed that during theta each
inhibitory interneuron in the network is inhibited by two
different types of MS inhibition [4], each present at different phases of the theta rhythm. One MS inhibitory input
(MS2) fires near the peak of the extracellular theta [4],
whereas the other one (MS1) fires at the trough [20] (see
Fig. 4a).
During fast ripples, the PCs receive forward or reverse
burst input only from the CA3 Schaffer collaterals (see
Fig. 2c, d) [7, 47]. A reverse burst input was modeled as a
forward input in reverse order. The order by which the CA3
inputs are presented depend on whether the network is
performing a forward or a reverse replay of memories.
Similarly as before, each inhibitory interneuron in the
network is inhibited by two types of MS inhibition (see
Fig. 4b), which are different from the ones during theta: (1)
a theta-like oscillatory inhibition pausing its activity before
the ripple peak and increasing its firing right after the ripple
peak (MS1) [20] and (2) an inhibition that pauses its
activity during the ripple episode (MS2) [20].
Synaptic Properties
Three synaptic currents are used: AMPA (excitatory),
NMDA (excitatory) and GABAA (inhibitory). AMPA and

3,250 ms, followed by PC2 from 3,251 to 5,500 ms by EC2 and CA32,
then by PC3 that is activated from 5,501 to 7,750 ms by EC3 and
CA33, and finally by PC4 from 7,751 to 10,000 ms by EC4 and CA34.
The duration of each input (EC and CA3) is 2,250 ms (nine theta
cycles, each theta cycle with 250 ms duration). The presentation
frequencies of the EC and CA3 inputs are 100 and 50 Hz [11],
respectively
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Fig. 2 a Model CA1 neuron with its two inputs to the proximal and
distal dendrites. Synaptic plasticity at the dendritic synapses (circled
regions) is governed by two model calcium detector systems.
P: potentiation detector; A: depression detector; B: intermediate
element; D: filter activated by B and vetoed by V; V: veto detector;
W: synaptic weight. P and D compete to influence the plasticity
variable W, which serves as a measure of the sign and magnitude of
synaptic strength changes from the baseline. b Entorhinal cortical

(EC) and Schaffer collateral (CA3) inputs during nine theta cycles.
The presentation frequencies of the EC and CA3 inputs are 100 Hz
(interspike interval (ISI): 10 ms) and 50 Hz (ISI: 20 ms), respectively. c Temporally sequenced CA3 input to CA1 microcircuit model
used for the forward replay of spatial memories during ripples (at
location A in Fig. 5). d Temporally sequenced CA3 input to CA1
microcircuit model used for the reverse replay of spatial memories
during ripples (at location Z in Fig. 5)

NMDA synapses are present in the proximal and distal
dendrites of the PCs, whereas GABAA are present in all PC
compartments. AMPA and GABAA synapses are present in
all inhibitory interneurons. The mathematical formalism
used to describe the synaptic properties of all cells in the
CA1 microcircuit can be found in Appendix.
A presynaptic GABAB inhibitory signal is used to
modulate the strength of the CA3 Schaffer collateral input
to the PC proximal dendrites. Experimental studies [56]
have shown that this inhibitory signal changes its strength
cyclically with respect to the external theta oscillation.
Based on this experimental evidence, the GABAB modulatory signal is modeled to be in full strength during the
peak phases of theta and completely inactive during the
trough phases of theta [13].

dendrite and are associated with each other. The STDP
mechanisms are adapted from the Rubin et al.’s [66]
computational study and have a modular structure consisting of three detectors, each triggered every time the
calcium level and its time course in each dendrite are above
a certain threshold value (4 lM for the potentiation
(P) detector, 0.6 lM for the depression (D) detector and
2 lM for the veto (V) detector) and produce a change in
the synaptic weight (W). P and D compete to influence the
plasticity variable W, which serves as a measure of the sign
and magnitude of synaptic strength changes from the
baseline. Every time V is triggered, a veto signal is generated, which inhibits the D response and in turn disinhibits the P response.
During the peak phases of theta, the AMPA and NMDA
synaptic conductances in the proximal dendrite of the PCs
were modeled as

Synaptic Plasticity Rule
Two Hebbian-based learning mechanisms (spike timingdependent plasticity (STDP)) are used in each PC dendrite
(see Fig. 2a) to measure how well the EC (the memory
pattern) and CA3 (the context) inputs are learned by each

gsyn ¼ ðws  w þ WÞ  gmax

ð1Þ

where ws is the scaling factor (set to 0.5 for the present
simulations) due to presynaptic GABAB inhibition, w is
synaptic strength and W is given by Eq. 30. During the
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Fig. 3 Hippocampal CA1 microcircuit model showing major cell
types and their connectivity. Black arrow lines: extrahippocampal
excitatory connections. Light gray arrow lines: PC excitatory
connections to OLM cell. Black filled lines: CA1 inhibitory connections. Dark gray filled circles: septal inhibitory connections. EC

Layer III entorhinal cortical input, CA3 CA3 Schaffer collateral input,
PC pyramidal cell, AAC axo-axonic cell, BC basket cell, BSC
bistratified cell, OLM oriens lacunosum-moleculare cell. Note there is
no recurrent connectivity between pyramidal cells in the circuit

trough phases of theta, the GABAB inhibition was removed
(i.e., ws = 1) and the proximal AMPA and NMDA
conductances were described as

Implementation

gsyn ¼ ðw þ WÞ  gmax

ð2Þ

During theta, the AMPA and NMDA synaptic
conductances in the distal dendrites of the pyramidal
cells were described by
gsyn ¼ ðw þ WÞ  gmax :

ð3Þ

The simulations were performed on a dual-core 2.1-GHz
PC with XPPAUT [23] and MATLAB installed. The whole
system of differential and algebraic equations was implemented in XPPAUT [23]. Differential equations were
integrated numerically using XPPAUT’s Runge–Kutta
solver with a time step Dt = 0.025 ms. Relative (error)
tolerance was set to 10-6. Data analysis was performed
using the MATLAB R2009b package.

Network Connectivity
Empirical Signatures
The network model (see Fig. 3) consists of four pyramidal
cells (PC) and four types of inhibitory interneurons: an
AAC, a BC, a BSC and an OLM. No recurrent connectivity
is present between pyramidal cells. The axo-axonic, basket,
bistratified and OLM cells inhibit the axons, somas, proximal dendrites, and distal dendrites of the pyramidal cells
in the network, respectively. Basket and bistratified cells
recurrently inhibit each other. The OLM cell is recurrently
excited by all pyramidal cells in the network.
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Theta oscillations (4–10 Hz) have been observed in rats
during navigation (e.g., running along a linear track) and
rapid eye movement (REM) sleep [8, 73], whereas
sharp-wave-associated ripples (100–200 Hz) are observed
during slow-wave sleep (SWS), when the animal is
standing still (e.g., standing still in the reward location at
the end of the linear track (see Fig. 5)) and during
consummatory behaviors [9, 14, 57]. The hippocampal
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Fig. 4 a Firing histograms of pyramidal cells and four types of
inhibitory interneurons in CA1 and two populations of GABAergic
neurons in medial septum showing their preferred spike timing with
respect to locally recorded theta oscillatory state (reprinted with
permission from Klausberger and Somogyi [46] and Borhegyi et al.
[4]). b Firing histograms of pyramidal cells and four types of

inhibitory interneurons in CA1 and two populations of GABAergic
neurons in medial septum showing their preferred spike timing with
respect to locally recorded fast ripple oscillatory state (reprinted with
permission from Klausberger and Somogyi [46] and Dragoi et al.
[20])

Fig. 5 Virtual linear track paradigm used. The rat transverses the
track starting from location A and ending at location Z (and vice
versa). Gray filled ellipses represent the place fields encoded by the
pyramidal cells in the network. Each pyramidal cell encodes only one

spatial location (PC1 encodes ‘‘place 1,’’ PC2 encodes ‘‘place 2,’’ PC3
encodes ‘‘place 3’’ and PC4 encodes ‘‘place 4’’). At locations A and Z,
the rat replays either the place memories to be transversed or the place
memories that have already been transversed, respectively

theta rhythm has been suggested to contribute to memory formation [35, 53, 62]. On the other hand, ripple
activity has been demonstrated to occur during offline
replay and consolidation of previous experiences [18, 24,
67]. Recent experimental studies have shown that different CA1 excitatory and inhibitory neurons fire at
different phases of the theta and ripple rhythms [44–46].

During theta, axo-axonic and basket cells fire almost in
phase with respect to the peak of theta, whereas bistratified, pyramidal and OLM cells fire during the trough
of theta (see Fig. 4a) [44–46]. During fast ripple oscillations, axo-axonic cells fire just before the onset of the
ripple episode, whereas pyramidal, basket and bistratified
cells fire in phase with the ripple episode (see Fig. 4b)
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[44–46]. OLM cells are silent during the fast ripple (see
Fig. 4b) [44–46].
Similarly, medial septal GABAergic neurons differentially phase their activities with respect to theta and ripple
oscillations [4, 20]. During theta, some medial septal
GABAergic cells increase their firing during the peak of
theta, whereas others during the trough of theta (see Fig. 4a)
[4]. During fast ripples, some MS GABAergic cells pause
their activities just before the peak of the ripple and increase
their firing right after it, whereas others pause their activities
during the entire duration of the ripple episode (see Fig. 4b)
[20].
Understanding how these different types of CA1 and MS
excitatory and inhibitory cells contribute to the sequence
learning and replay (forward and reverse) of place locations when the rat is standing still or is exploring the linear
track is of great importance. We discuss how in the next
section.

Results
The behavioral paradigm we chose to simulate was that of
a rat running on a linear track between two stations (A and
Z) (see Fig. 5). The track consisted of four non-overlapping
place fields. Each place field was encoded by a pyramidal
cell (place cell) in the network (‘‘place 1’’ was encoded by
PC1, ‘‘place 2’’ by PC2, ‘‘place 3’’ by PC3 and ‘‘place 4’’ by
PC4). The time spent by the rat in each place field was
2,250 ms (nine theta cycles, each theta cycle lasting
250 ms). The total time required to travel from station A to
Z was 10,000 ms. In stations A and Z, the rat stood still for
1,000 ms awaiting for the GO signal to transverse the
linear track. During this time, the rat replayed either the
order of places to be visited (forward replay at location A)
[18] or the order of places just visited (reverse replay at
location Z) [18, 24], respectively.
Encoding and Retrieval of Spatiotemporal Memories
During Theta Oscillations
During the peak phases of theta and when the rat is in the
place field corresponding to PC1, a high frequency
(100 Hz) input from EC (EC1) impinges on PC1’s distal
dendrite and excites it (see Fig. 6a). On its own, the EC1
input generates dendritic spikes, which propagate to the
soma and generate action potentials (see Fig. 6a) [6]. At
the same time, a low-frequency (50 Hz) input from CA3
Schaffer collaterals (CA31) excites PC1’s proximal dendrites. The strength of CA31 input to PC1’s proximal
dendrites is reduced to 50% due to presynaptic GABAB
inhibition (see ‘‘Presynaptic GABAB inhibition’’ sub-section for details). The CA31 input generates excitatory
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postsynaptic potentials (EPSPs), which fail to generate
somatic action potentials when the strength of the presynaptic GABAB inhibition is maximal (during the peak
phases of theta) (see Fig. 6b) [5]. When both EC1 and
CA31 inputs coincide at PC1’s proximal dendrites, then
action potentials are generated in the soma (see Fig. 6c)
[42]. The synaptic strengths of both distal and proximal
synapses are dynamically modified according to the STDP
learning rule presented earlier (see ‘‘Synaptic plasticity’’
sub-section for details).
However, as the experimental evidence [44–46] has
indicated, the pyramidal cells are silent during the peak
phases of theta (see Fig. 4a). During the peak phases of
theta measured in stratum pyramidale (90–270° in the
Klausberger data shown in Fig. 4), the coincident EC1 and
CA31 inputs cause first the AAC to fire action potentials,
which inhibit the PC1 at its axon and prevent it from firing
APs (see Figs. 7a and 8) [44]. Once the AAC stop firing,
the BC, which is modeled as a slow integrator [44], start
to fire due to the coincident EC1 and CA31 inputs to its
soma (see Figs. 7b, 8). The role of the BC in our model is
to continue inhibiting the PC1 and prevent it from firing as
well as to prevent the BSC inhibition from interfering
with the forward association of the EC1 and CA31 inputs
on PC1’s proximal dendrite. BSC, along with the OLM
cell, is inhibited by the MS2 cell, which is active during
the peak phases of the field potential theta oscillation (see
Figs. 7b, 8) [45]. During these peak phases of theta, the
MS1 cell is silent, which in turn dis-inhibits the AAC and
BC and allows them to fire and carry on with their
inhibitory duties during the positive phases of theta (see
Figs. 7a, b, 8).
During the trough of the theta cycle (270–450° in the
Klausberger data shown in Fig. 4), the presynaptic GABAB
inhibition to CA31 input is lifted-off and MS1 cell
approaches its maximal activity. Because of this septal
inhibition, the BC and AAC are now inhibited, releasing
this way the PC1, BSC and OLM from inhibition (see
Figs. 4a, 7c, 8). The MS2 cell is now silent, which in turn
dis-inhibits the BSC and OLM cell (see Fig. 7c). The now
active BSC broadcasts to all PCs (PC1–4) an inhibitory
signal, which allows the ‘‘correct’’ PC (in this case the PC1)
to discharge, which was excited by the EC1 and CA31
inputs and learnt to associate them at the PC proximal
synapse by increasing the proximal synapse’s synaptic
efficacy (weight). The inhibitory signal quenches all other
PCs (i.e., subsequent patterns in the sequence). The OLM
cell, which was activated by PC1, in turn sent an inhibitory
signal to PC1’s distal dendrite, which prevented the EC1
input from interfering further with the local recall of the
pattern (CA31).
Similar patterns of firing with the respect to the external
theta are also shown by the remaining three PCs (PC2, PC3
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b Fig. 6 a Response of the soma, proximal dendrite and distal dendrite

of the model pyramidal cell when only the EC input impinges on its
distal dendrite. All inhibition is switched off in this example. Note
when the presentation frequency of the input is high (100 Hz), it
produces dendritic spikes, which propagate toward the soma and
generate action potentials [5, 6]. b Response of the soma, proximal
dendrite and distal dendrite of the model pyramidal cell when only the
CA3 Schaffer collateral input impinges on its proximal dendrite. All
inhibition is switched off in this example. Note that when the
presentation frequency of the input is high (50 Hz), it produces
dendritic spikes only during the trough phase of theta (125–250 ms)
when presynaptic GABAB inhibition is removed [5, 6] (see section
‘‘Model Architecture and Properties’’ for details). c Response of the
soma, proximal dendrite and distal dendrite of the model pyramidal
cell when both the EC and the CA3 Schaffer collateral inputs impinge
on the distal and proximal dendrites of the pyramidal cell. All
inhibition is switched off in this example

Cogn Comput (2011) 3:554–574

Forward and Reverse Replay of Spatial Memories
During Fast Ripple Oscillations

and PC4) in the network, but at different times (see Figs. 1
and 8). PC2 is activated right after PC1, PC3 right after
PC2 and PC4 right after PC3 (see Fig. 8).

Figure 9 shows how all network cells fire during a ripple
episode. Figure 10 depicts the firing activity of pyramidal
cells (PC1-4) and inhibitory interneurons during forward
and reverse replay of place cell memories. In contrast to
theta, during the ripple episode (forward or reverse), the
firing patterns of inhibitory interneurons in the network
change (compare Fig. 4a, b) [44, 45]. During the fast ripple
episode, the sequence that was locally learned in region
CA1 during the theta oscillations is now retrieved by the
subiculum, entorhinal cortex and the neocortex [7]. The
synaptic weights of the proximal dendrite are now fixed (no
changes). Forward and reverse replay activities arise from
the highly synchronous activity of the CA3 PCs [7, 47].
This highly synchronous activity excites first the AAC,
which is dis-inhibited by the type 1 MS (MS1) cell (as we

Fig. 7 a, b Acquisition of spatiotemporal memories during the peak
phases of theta rhythm. c Recall of memories during the trough phases
of theta rhythm. a EC and CA3 inputs impinge on the distal and
proximal PC dendrites, respectively. The strength of the CA3 Schaffer
collateral input is reduced by 50% due to presynaptic GABAB
inhibition (see section ‘‘Synaptic Properties’’). The same inputs will
activate the AAC, which in turn will inhibit the axon of the PC, thus
preventing it from firing action potentials (i.e., retrieving the memory
pattern) during the peak phases of each theta cycle. AAC will also
inhibit the MS1 cell, which in turn will dis-inhibit the MS2, allowing it
to inhibit the BSC, OLM and MS1. b Once the AAC stops firing, the
BC, which is modeled as a slow integrator, will start firing due to
coincident EC and CA3 inputs. BC will inhibit the soma of the PC
and prevent it from firing action potentials during the end of the peak
phases of theta. BC will also inhibit the BSC and prevent it from

interfering with the forward association of the EC and CA3 inputs in
the proximal PC dendrite. BC will also inhibit the MS1 cell, which in
turn will dis-inhibit the MS2, allowing the latter to inhibit the BSC,
OLM and MS1. c During the trough phases of theta, the presynaptic
GABAB inhibition is removed, thus the strength of the CA3 Schaffer
collateral input is at full strength. BC and AAC are inhibited by the
MS1, whereas PC, BSC and OLM are dis-inhibited. BSC ensures that
correct place memory is retrieved by broadcasting a non-specific
inhibitory signal to all PC in the network, thus allowing the
appropriate PC, which has strengthened its synapses (i.e., learned
the pattern) to discharge (i.e., retrieve it), while quenching the
activities of all other PCs (i.e., subsequent memories in the sequence).
The OLM cell, which is excited by the PC, inhibits the PC distal
dendrite, preventing the EC input from interfering with the retrieval
of the memory pattern (CA3)
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Fig. 8 Firing activities and phase preference of CA1 cells (PC, AAC,
BC, BSC and OLM cells) and medial septal cells (MS1 and MS2) with
respect to the theta oscillatory state. a Pyramidal cell 1 activity during

the 1,000–3,250 ms interval. b Pyramidal cell 4 activity during the
7,751–10,000 ms interval

Fig. 9 Schematic of the forward and reverse replay of spatiotemporal
memories during the fast ripple oscillatory state. a Highly synchronous CA3 activity (CA31–4) excites first the AAC, which is disinhibited by the MS1 cell (MS1 pauses its activity for about 25 ms
before the peak of the ripple episode and increases it right after). AAC
inhibits all PCs axons, preventing them from firing just before the

onset of the ripple episode. MS2 inhibits the BC. b BC and BSC,
which were inhibited by the MS2, now become active due to the CA3
synchronous input, thus providing additional threshold mechanisms
for the correct retrieval of information by the PCs (see section
‘‘Forward and Reverse Replay of Spatial Memories During Fast
Ripple Oscillations’’ for details)

mentioned before, MS1 during the fast ripple episode
pauses its activity for about 25 ms before the peak of the
ripple episode and increases it right after (see Figs. 4b and
10)), and in turn inhibits the axons of all CA1 PCs in the
network (see Fig. 9a). The duration of this axonal inhibition is short (less than 25 ms), since the AAC pauses its
firing right after the peak of the ripple episode due to
increased activity of MS1 cell. The role of the AAC is to
silence the CA1 network and prepare it for the appropriate
replay of information based on the current context.

Next, BC and BSC, which are inhibited by the type 2
MS (MS2) cell (as we mentioned before, MS2 during the
fast ripple episode pauses its activity for the whole duration
of the ripple episode (see Figs. 4b and 10)) during the start
of the ripple episode, are now dis-inhibited by it and
become active from the highly synchronous CA3 input (see
Figs. 9b and 10). The role of the BCs is to maintain the
highly synchronous discharge of PCs during the ripple
activity [22]. The role of the BSC is to provide an inhibitory threshold to all PCs, allowing this way only the
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Fig. 10 Firing activities of all
network cells with respect to
fast ripple episode during both
forward and reverse replay of
spatiotemporal memories.
Dashed orange/gray line
indicates the peak amplitude of
the ripple episode. The duration
of the ripple episode was
assumed to be 150 ms [44].
Axo-axonic, basket and
bistratified cells fire almost in
phase during both forward and
reverse replay of memories.
Septal cells either pause their
activities during the ripple
episode or pause their activities
just before the peak of the ripple
and increase their discharge
right after the ripple peak [20].
During forward replay,
pyramidal cells fire in a specific
order: black, blue/dark gray,
red/medium gray, and green/
light gray. During reverse
replay, the order is reversed:
green/light gray, red/medium
gray, blue/dark gray and black
(Color figure online)

‘‘appropriate’’ PC that learned the pattern to recall it. The
OLM cell is silent during the ripple episodes (see Fig. 4b)
[29, 44].
Model Cell Phase Relationships
As we mentioned in a previous section (see section
‘‘Empirical Signatures’’), it has been shown experimentally
that the activity of different neuronal types in region CA1
is modulated at specific phases relative to the local field
potential (LFP) theta and ripple activity [44–46].
Figures 11 and 12 show the phase relationships of the
model CA1 interneurons and pyramidal cells as well as
medial septal cells with respect to the theta oscillation
(0–250 ms corresponding to 90–450° of the theta cycle
depicted in Fig. 4a) and sharp-wave ripple episode.
Because the number of cells of our network was small,
the firing rate distributions was the result of running the
network for 200 trials for theta and 100 trials for ripples,
where in each trial the ISI of the EC and CA3 inputs
varied from two different Poisson distributions. Model BC
and AAC fired only during the peak of theta (the period
from 90 to 270°), whereas OLM, BSC and PCs fired only
during the trough of theta, but at different phases from
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each other. Model MS180 cell fired during the peak of
theta rhythm [4], whereas MS360 cell fired during the
trough of theta [20].
During the ripple activity, the AAC fired just before the
start of the ripple, whereas the PC, BC and BSC discharged
during the entire duration of the ripple. MS1 cell paused its
firing before the onset of the ripple activity and increased it
right after the onset, whereas MS2 paused its activity during the ripple episode.
The simulated phase relationships are in accordance with
the recent experimental data [4, 20, 44–46] shown in Fig. 4.
The functional roles of these cell types during theta and
ripple oscillations have been detailed in the previous
sections.

Discussion
What Have We Learned from the Model?
A reduced biophysical model of the hippocampal CA1
microcircuitry [13] was extended to demonstrate how
excitatory cells in region CA1 and various classes of
inhibitory neurons in region CA1 and medial septum
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Fig. 11 Simulated firing
histograms of CA1 ((PC, AAC,
BC, BSC and OLM) and septal
(MS1 and MS2) model cells with
respect to simulated theta
oscillation as measured from the
pyramidal layer of CA1.
Histograms were generated
from cell spiking activity from
200 trials. Bin size was set to 10

coordinate their activities during theta oscillations and
ripple episodes and facilitate the theta encoding and
retrieval and ripple replay (forward and reverse) of temporally ordered spatial memory patterns. The model simulated the timing of firing of different hippocampal (PC,
AAC, BC, BSC, and OLM cells) and extrahippocampal
(medial septum) cell types relative to theta and fast ripple
oscillations in urethane-anaesthetized rats [4, 20, 44–46].
In accordance with the experimental evidence [4, 20, 44–46],
the model proposed specific functional roles for the different
classes of inhibitory interneurons in region CA1 and medial
septum in theta encoding, theta retrieval and ripple replay of
spatial memory sequences. In particular, in the presence of
continuous EC and CA3 excitation throughout theta, the
activities of region CA1 inhibitory interneurons were
sculpted by MS inhibitory inputs. MS2 input inhibited region
CA1’s BSC and OLM cells during the peak of theta measured in stratum pyramidale, whereas MS1 input inhibited

the AAC and BC cells during the trough of theta. Because of
the MS inhibition, AAC and BC cells during the peak of the
theta oscillation inhibited the axon and soma of pyramidal
cells, thus preventing them from firing action potentials and
thereby preventing the spread of the information from region
CA1. In contrast, the OLM cell in the trough of theta
inhibited the distal dendrites of each PC, thus preventing the
EC input from interfering with the retrieval of the cued CA3
memory pattern. BSC transmitted an inhibitory signal to all
PCs in the network, which acted as a global inhibitory
threshold mechanism that ensured that the ‘‘correct’’ PC in
the sequence fired (i.e., the correct memory pattern in the
sequence was retrieved).
Similarly, MS inhibitory inputs sculpted the activities of
region CA1 inhibitory interneurons during ripples. MS2
inhibited the BC and BSC prior the onset and after the
offset of the ripple episode, whereas MS1 inhibited AAC
just after the peak of ripple. These temporal windows of
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Fig. 12 Simulated firing
histograms of model cells (PC,
AAC, BC, BSC, MS1 and MS2)
with respect to extracellular
ripple activity (uppermost
waveform). Note that the OLM
cell is not shown because it has
been shown to be silent during a
ripple episode [45]. Histograms
were generated from cell
spiking activity from 100 trials.
Bin size was set to 10

CA1 inhibition allowed the temporally compressed (within
150 ms) memory patterns encoded during the theta rhythm
to be replayed (forward and reverse) in the correct order.
This finding is in accordance with the experimental evidence, which shows that when rats are immobile or are in
REM sleep, the replay of memories during ripples is a
temporally compressed form of memory patterns encoded
during theta [18, 21, 24].
Model Limitations
Our modeling work has several limitations largely due to
the lack of experimental evidence. First, it did not provide
clues on the functional difference between the theta
retrieval and the ripple replay of memories. Experimental
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evidence has shown that the replay of memories during
ripples is a temporally compressed form of memory patterns retrieved during theta [18, 21, 24]. Ripple replay
takes place during immobility, consummatory behaviors
and slow-wave sleep, whereas theta retrieval takes place
during environment exploration and REM sleep [7].
Buzsaki [7] hypothesized that exploration (theta) information from the neocortex reaches the hippocampus
(dentate gyrus and region CA3). During ripples, the CA3
excitatory cells initiate population bursts, which then cause
already-stored memories in the hippocampus to reach the
neocortex via region CA1 and entorhinal cortex and hence
be replayed. Hasselmo et al. [35] hypothesized that hippocampal theta rhythm (4–7 Hz) can contribute to memory
formation by separating encoding (storage) and retrieval of
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memories into independent functional sub-cycles. We
believe that the theta retrieval is a local process, whereas
the ripple replay is a global one. During the local retrieval
process, the integrity of the stored memory pattern is
checked locally (within region CA1 and perhaps the next
two processing stages (subiculum and entorhinal cortex)).
During the global replay process, all stored memories are
replayed by CA1, but this activity reaches the neocortex
and hence enters conscious awareness.
Furthermore, our model failed to address the question of
what causes the same cells in the same CA1 and MS network
with the same connectivity between them to fire differently
during theta and during ripples. As we detailed in the previous section, the activities of the CA1 pyramidal cells and
inhibitory interneurons during theta and ripples was sculpted
by the MS inputs. What mechanisms though caused the same
MS cells to fire differently during theta and ripples?
Finally, our modeling work failed to investigate
quantitatively the mechanisms by which CA1 cells (place
cells) phase precess during theta oscillations. Theta phase
precession is a phenomenon observed in the hippocampus
and entorhinal cortex where the firing of a cell progressively shifts to earlier phases of the theta rhythm as the
animal transverses its place field. As the reader can
observe from Fig. 8 in the beginning of the place field
(first theta cycle), the PC (place cell) fired its first spike
near the trough of the external theta. As the rat approached the end of the place field (ninth theta cycle), the PC
fired just after the peak of theta, having precessed almost
by 180°. This phase advancement was due to the constantly increasing strength of the proximal PC synapse
due to the STDP rule, which increased the tendency of
the PC to fire at earlier phases with respect to theta in the
presence of a constant level of an inhibitory threshold
(BSC inhibition). However, although the PC discharges at
earlier phases of theta as the rat transverses the field, its
firing activity spans the entire theta cycle duration, its
firing rate continuously increases as the rat approaches the
end of the field and it remains anchored to the end of the
theta cycle. These latter findings come in disagreement
with the experimentally observed evidence [34, 43, 54,
58, 68], where the entire spike sequence of PC firing
precessed and its firing rate increased as the rat approached the middle of the place field, reached its maximum
just after the middle of the field and decreased as the rat
approached the end of the field. Also, the phase relationships of the INs with respect to the PCs and the LFP
theta are disrupted [44–46].
Model Extensions
Several extensions to the basic idea deserve further consideration. First, two new classes of inhibitory interneurons

567

have been reported in the literature. One class is the IVY
cells, which along with the BSCs inhibit the proximal
dendrites of the PCs, but at a much slower rate [29]. Also,
the IVY cells increase their discharge during the trough of
the theta oscillation and fire almost in phase with the PCs,
BSCs and OLMs. During the fast ripple oscillations, these
cells remain silent. The other class is the neurogliaform
cells (NGL) [14 and references therein]. These cells are
located in the lacunosum-moleculare (LM) stratum and
inhibit the distal dendrites of the PCs. NGL cells increase
their discharge during the peak of the theta oscillation, but
remain silent during a ripple episode [30]. Future versions
of our model will incorporate these cells in its dynamics
and investigate how its theta encoding and replay performance is affected by these cells.
Another idea is to scale up the network to match the
relative percentages of excitatory and inhibitory cells in
region CA1 (i.e., 90% excitatory cells and 10% inhibitory
cells [74]). Within the population of inhibitory cells, BC,
BSC and AAC may represent 60, 25 and 15% of the
population [3]. Also, each PC in our microcircuit may be
represented by a population of 100 PCs (400 PCs in total),
each PC population encoding and retrieving a location on
the linear track. Then, the robustness of the scaled-up
model can be tested. This will allow analysis of several
further questions, including how the firing patterns of CA1
interneurons and place cells would change with more
realistic, noisy, input coming from multiple EC and CA3
cells, how random synaptic delays would affect the results,
and how the results scale with noise in connectivity
parameters.
Acknowledgments This work was funded by NSF Science of
Learning Center CELEST grant SMA 0835976.

Appendix: Mathematical Formalism
This Appendix contains the mathematical formalisms of
the model cell types. Simulations were performed using the
XPPAUT [23]. Data analysis was performed by MATLAB.
Parameter units are measured in mV for potentials, lA/cm2
for applied currents, mS/cm2 for maximal conductances,
and lF/cm2 for capacitances.
CA1 Pyramidal Cell
The axonic (ax), somatic (s), proximal dendritic (pd) and
distal dendritic (dd) compartments of the pyramidal neuron
obey the following current balance equations
Cm

dVax
¼ IL þ INa;ax þ IK;ax þ Icoup þ Isyn þ Iin
dt

ð4Þ
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dVs
¼ IL þ INa;s þ IKdr;s þ IA;s þ Im;AHAP;s þ ICaL;s
dt
þ Icoup þ Isyn þ Iin

The coupling currents for all compartments are
ð5Þ

dVpd
¼ IL þ INa;d þ IKdr;d þ IA;d þ ICaL;d þ Icoup þ Isyn
dt
þ Iin
ð6Þ

dVdd
¼ IL þ INa;d þ IKdr;d þ IA;d þ ICaL;d þ Icoup þ Isyn
Cm
dt
þ Iin
ð7Þ
where IL is the leak current, INa is the sodium current, IK is
the delayed rectifier potassium current, IA is the type-A
potassium current [61], Im,AHP is the medium Ca2?-activated K? after-hyperpolarization current [61], ICaL is the
L-type Ca2? current [61], Icoup is the electrical coupling
between compartments, Iin is the injected current and Isyn is
the synaptic current. Table 1 displays the ionic parameter
values of the CA1 pyramidal cell.

axon
Icoup
¼ gaxon;soma  ðVsoma  Vaxon Þ

ð8Þ

soma
Icoup
¼gsoma;axon  ðVaxon  Vsoma Þ þ gsoma;dendprox

 ðVpd  Vsoma Þ

ð9Þ

dendprox
¼gsoma;dendprox  ðVsoma  Vpd Þ
Icoup

þ gdenddist ;dendprox ðVdd  Vpd Þ
denddist
¼ gdendprox ;denddist ðVpd  Vdd Þ:
Icoup

IL ¼ gL  ðV  VL Þ

ð12Þ

where gL is the leak conductance and VL is the leak reversal
potential.
The sodium current at the axon and soma is described
by

Value

Name

Cm

1

gA,dend

12

gL

0.1

asap

0.001

VL

-70

fp

30

gcoup

1.125

Inact

72

gNa,soma

30

Inact2

0.11

gNa,axon

100

Inact3

2

VNa

60

Inact4

64

0
HNa
¼ aH ðVÞ  ðaH ðVÞ þ bH ðVÞÞ  HNa
aH ðVÞ ¼ 0:128  expðð43  VÞ=18Þ

gNa,dend

30

Inact5

1

bH ðVÞ ¼ 4=ð1 þ expðð20  VÞ=5Þ

natt

0

gK,dr,axon

20

T

23

gK,dr,soma

14

gA,soma
gmAHP

7.5
25

gK,dr,dend
Vk

14
-80

2
INa;d ¼ gNa;d  MNa;d
 HNa;d  DNa;d  ðVd  VNa Þ

qhat

1

qma

0.00048

where

qmb

0.28

bs

0.083

gCaL,soma

7

bd

0.083

gCaL,dend

25

Buff

0

VCa

140

Nonc

6

Ca2?

2

Cas

1,000

/s

0.1

s1

0

/d

0.1

s2

40

v0,s

0.05

s3

3.6

v0,d

0.07

Mg2?

2

j

7

Vh

-10

f

2.2

gmt

0.4

q10

4.5

qtl

1

a0t
kl

0.0111 (ms-1)
-8

Vhalf

-75
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ð13Þ

where gNa is the maximal conductance of the Na? current,
MNa and HNa are the activation and inactivation constants
and VNa is the reversal potential of the Na? current. The
activation and inactivation constants at the soma are given
by

Name

Units g, mS/cm2; Cm, lF/cm2; V, mV; T, celcius

Value

ð11Þ

The leak current is described by

2
INa ¼ gNa  MNa
 HNa  ðV  VNa Þ

Table 1 Pyramidal cell parameter values

ð10Þ

MNa ¼ aM ðVÞ=ðaM ðVÞ þ bM ðVÞÞ
aM ðVÞ ¼ 0:32  ð46:9  VÞ=ðexpðð46:9  VÞ=4:0Þ  1:0Þ
bM ðVÞ ¼ 0:28  ðV þ 19:9Þ=ðexpððV þ 19:9Þ=5:0Þ  1:0Þ

The sodium current at the dendrite is described by
ð14Þ


0
MNa;d
¼ M1Na;d  MNa;d =sMNa;d
M1Na;d ¼ 1=ð1 þ expððVd  40Þ=3ÞÞ
sMNa;d ¼ 0:1

0
HNa;d
¼ H1Na;d  HNa;d =sHNa;d
H1Na;d ¼ 1=ð1 þ expððVd þ 45Þ=3ÞÞ
sHNa;d ¼ 0:5

D0Na;d ¼ D1Na;d  DNa;d =sDNa;d
D1Na;d ¼ ð1 þ natt  expððVd þ 60Þ=2ÞÞ=
ð1 þ expððVd þ 60Þ=2ÞÞ
sDNa;d ¼ maxð0:1; ð0:00333  expð0:0024  ðVd þ 60Þ  QÞÞ=
ð1 þ expð0:0012  ðVd þ 60Þ  QÞÞÞ


Q ¼ 96; 480=ð8:315  ð273:16 þ TÞÞ
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where T is the temperature in Celcius and natt is the Na?
attenuation. The type-A K? current at the soma and
dendrite is given by
IKA;d ¼ gKA;d  Ad  Bd  ðVd  VK Þ

ð15Þ

The activation and inactivation constants are given by
A0d ¼ ðA1d  Ad Þ=sAd
A1d ¼ 1=ð1 þ Aa;d Þ
Aa;d ¼ expðasap  1ðVd Þ  ðVd þ 1Þ  QÞ
Ab;d ¼ expð0:00039  Q  ðVd þ 1Þ  12 ðVd ÞÞ
1ðVd Þ ¼ 1:5  ð1=ð1 þ expððVd þ 1p Þ=5ÞÞÞ
12 ðVd Þ ¼ 1:8  ð1=ð1 þ expððVd þ 40Þ=5ÞÞÞ
B0d ¼ ðB1d  Bd Þ=sBd
B1d ¼ 0:3 þ 0:7=ð1 þ expðinact2  ðVs þ inactÞ  QÞÞ
The delayed rectifier K? current at the axon and soma is
given by
IKdr ¼ gKdr  N  ðV  VK Þ
ð16Þ
where gKds is the maximal conductance. The activation
constant N is given by
N 0 ¼ aN ðVÞ  ðaN ðVÞ þ bN ðVÞÞ  N
aN ðVÞ ¼ 0:016  ð24:9  VÞ=ðexpðð24:9  VÞ=5Þ  1Þ

The delayed rectifier K? current at the dendrite is given by
ð17Þ

where gKdr,d is the maximal conductance. The activation
constant Nd is given by
Nd0 ¼ ðN1d  Nd Þ=sNd

The medium Ca2?-activated K? after-hyperpolarization
current at the soma is given by
ð18Þ

where gKmAHP is the maximal conductance. The activation
constant Qm is given by
Q0m

¼ ðQm1  Qm Þ=sQm

Qm1 ¼ qhat  Qma  sQm
Qma ¼ qma  vs =ð0:001  vs þ 0:18  expð1:68  Vs  QÞÞ
Qmb ¼ ðqmb  expð0:022  Vs  QÞÞ=
ðexpð0:022  Vs  QÞ þ 0:001  vs Þ


sQm ¼ 1= Qma þ Qmb

where gh is the maximal conductance of the h-current and
Eh is the reversal potential. The L-type Ca2? current at the
soma is described by
ICaLs ¼ gCaLs  Ss  ghk ðVs ; vs Þ  ð1=ð1 þ vs ÞÞ

ð20Þ

S0s ¼ ðS1s Ss Þ=sss
S1s ¼as ðVs Þ=ðaa ðVs Þþbs ðVs ÞÞ
sSs ¼1=ð5ðas ðVs Þþbs ðVs ÞÞÞ
as ðVs Þ¼0:055ðVs þ27:01Þ=ðexpððVs 27:01Þ=3:8Þ1Þ
bs ðVs Þ¼0:94expððVs 63:01Þ=17Þ
xx¼0:0853ð273:16þTÞ=2
f ðzÞ¼ð1z=2Þf2 ðzÞþðz=ðexpðzÞ1ÞÞf3 ðzÞ

ghk ¼xxð1ððvs =CaÞexpðVs =xxÞÞÞf ðVs =xxÞ
The Ca2? concentrations in the soma and dendrites [71] are
given by
v0s ¼ /s  ICaLs  ðbs  ðvs  v0;s ÞÞ þ ðvpd  vs Þ=
Cas  ðbs =noncÞ  v2s

N1d ¼ 1=ð1 þ expððVd  42Þ=2Þ
sNd ¼ 2:2

ImAHP ¼ gmAHP  Qm  ðVs  VK Þ

dtt tt1  tt
¼
dt
stt
1
tt1 ¼
1 þ eðVVhalf Þ=kl
e0:03781gmtðVVhalft Þ
stt ¼
qtl  q10ðT33Þ=10  a0t  ð1 þ att Þ

f2 ðzÞ¼Hð0:0001 jzjÞ
f3 ðzÞ¼Hðjzj0:0001Þ

bN ðVÞ ¼ 0:25  expð1  0:025  VÞ

 ðVd  VK Þ

ð19Þ

where gCaL,s is the maximal conductance and

sBd ¼ j  maxðinact3  ðVs þ inact4 Þ; inact5 Þ

IKdr;d ¼ gKdr;d 

Ih ¼ gh  tt  ðV  Eh Þ

att ¼ e0:003781ðVVhalft Þ

sAd ¼ maxðAb;d =ðð1 þ Aa;d Þ  QT  0:1Þ; 0:1Þ

Nd2

The h-current [13, 14] at the soma and dendrite is described
by

v0pd ¼ /d  ðICaLd þ ICa;NMDA Þ  bd  ðvpd  v0;d Þ
 ðbd =noncÞ  v2pd  buff  vpd

v0dd ¼ /d  ICaLd þ ICa;NMDA  bd  ðvdd  v0;d Þ
 ðbd =noncÞ  v2dd  buff  vdd

ð21Þ

ð22Þ
ð23Þ

The L-type Ca2? current at the dendrite is described by
ICaLd ¼ gCaLd  S3d  Td  ðVd  VCa Þ
S0d
S1 d

ð24Þ

¼ ðS1d  Sd Þ=ssd
¼ 1=ð1 þ expðVd  37ÞÞ

ssd ¼ s3 þ s1 =ð1 þ expðVd þ s2 ÞÞ
Td0 ¼ ðT1d  Td Þ=sTd
T1d ¼ 1=ð1 þ expððVd þ 41Þ=0:5ÞÞ
sTd ¼ 29
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The calcium detector model is governed by the following
six equations:
P0 ¼ ð/a ðvd Þ  cp  A  PÞ=sp

ð25Þ

V 0 ¼ ð/b ðvd Þ  VÞ=sV

ð26Þ

where Cm is the membrane capacitance, V is the membrane
potential, IL is the leak current, INa is the sodium current,
IKdr is the fast delayed rectifier K? current, IA is the A-type
K? current and Isyn is the synaptic current.
The sodium current and its kinetics are described by

A ¼ ð/c ðvd Þ  AÞ=sA

ð27Þ

INa ¼ gNa m3 hðV  ENa Þ

B0 ¼ ð/e ðAÞ  B  cd  B  VÞ=sB

ð28Þ

D0 ¼ ð/d ðBÞ  DÞ=sD

ð29Þ

0

0

W ¼ ðaw =ð1 þ expððP  aÞ=pa ÞÞ
 bw =ð1 þ ðexpððD  dÞ=pd ÞÞ  WÞ=sw

ð30Þ

where P is the potentiation detector dynamics, V is the veto
detector dynamics, D is the depression detector dynamics,
A and B are the intermediate steps leading up to D and W is
the readout variable (see Fig. 2). The Hill equations are
/a ðxÞ ¼ numa  ððx=CmHCÞ

CmHN

Þ=ð1 þ ðx=CmHCÞ

CnHN

Þ=ð1 þ ðx=CnHCÞ
/b ðxÞ ¼ numb  ððx=CnHCÞ
/c ðxÞ ¼ numc =ð1 þ expððx  hc Þ=rc ÞÞ

CmHN

CnHN

Þ

Þ

/d ðxÞ ¼ numd =ð1 þ expððx  hd Þ=rd ÞÞ
/e ðxÞ ¼ nume =ð1 þ expððx  he Þ=re ÞÞ

0:1ðV þ 40Þ
;
ð1  eðVþ40Þ=10 Þ

bm ¼ 4  eððvþ65Þ=18Þ
dh
¼ ah ð1  hÞ  bh h; ah ¼ 0:07  eðVþ65Þ=20 ;
dt
1
bh ¼
:
ðVþ35Þ=10
ð1 þ e
Þ
The fast delayed rectifier K? current IKdr is given by
IKdr ¼ gKdr n4 ðV  EK Þ

ð33Þ

dn
0:01ðV þ 55Þ
¼ an ð1  nÞ  bn n; an ¼
;
dt
ð1  eðVþ55Þ=10 Þ
bn ¼ 0:125eðvþ65Þ=80 :

IA ¼ gA abðV  Ek Þ

Basket, Axoaxonic and Bistratified Cells
dV
¼ IL þ INa þ IKdr þ IA þ Iin þ Isyn
dt

am ¼

The A-type K? current IA is described by

The calcium detector parameter values are displayed in
Table 2.

Cm

dm
¼ am ð1  mÞ  bm m;
dt

ð32Þ

ð31Þ

ð34Þ

da
0:02ð13:1  VÞ
¼ aa ð1  aÞ  ba a; aa ¼
;
13:1V
dt
eð 10 Þ  1
0:0175ðV  40:1Þ
ba ¼
V40:1
eð 10 Þ  1
13V
db
¼ ab ð1  bÞ  bb b; ab ¼ 0:0016 eð 18 Þ ;
dt
0:05
bb ¼
10:1V
1 þ eð 5 Þ
The ionic parameter values are depicted in Table 3.

Table 2 Calcium detector model parameter values
Name

Value

Name

Value

cp

5

numb

1

sp

500

numc

1

sv

10

numd

1

sA

5

nume

5

sB

40

CmHC

4

sD

250

CmHN

4

sw

500

CnHC

aw

0.8

CnHN

bw

0.6

a

0.3

pa

OLM Cell
Cm

dV
¼ IL þ INa þ IKdr þ INaP þ IH þ Isyn þ Iin
dt

ð35Þ

Table 3 Inhibitory cell parameter values
Name

Value

Name

Value

0.6

Cm

1

gK,dr

23

3

gL

0.18

gK,dr,OLM

36

hc

2

VL

-60

Vk,OLM

-77

hd

2.6

gNa

150

Vk

-90

-0.1

he

0.55

gNa,OLM

120

gNaP

2.5

d

0.05

rc

-0.05

VNa

55

gh

1.5

pd

-0.002

rd

-0.01

VNa,OLM

50

VNaP

50

numa
cd

10
4

re

-0.02

gL,OLM
VL,OLM

0.3
-54.4

Vh
gA

-20
10

Units g, mS/cm2; V, mV; a, 1/ms; b, 1/ms
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where Cm is the membrane capacitance, V is the membrane
potential, IL is the leak current, INa is the sodium current,
IKdr is the fast delayed rectifier K? current, INaP is the
persistent sodium current, Ih is the h-current and Isyn is the
synaptic current.
The sodium current and its kinetics are described by
INa ¼ gNa m3 hðV  ENa Þ

ð36Þ

dm
¼ am ð1  mÞ  bm m;
dt

0:1ðV þ 40Þ
am ¼
;
ð1  eðVþ40Þ=10 Þ

bm ¼ 4  eððvþ65Þ=18Þ
dh
¼ ah ð1  hÞ  bh h; ah ¼ 0:07  eðVþ65Þ=20 ;
dt
1
bh ¼
:
ðVþ35Þ=10
ð1 þ e
Þ

dn
0:01ðV þ 55Þ
¼ an ð1  nÞ  bn n; an ¼
;
dt
ð1  eðVþ55Þ=10 Þ
bn ¼ 0:125eðvþ65Þ=80

ð40Þ
INMDA ¼ gsyn  sNMDA  mNMDA  ðVd  VNMDA Þ

ð41Þ

IAMPA ¼ gsyn  sAMPA  ðVd  VAMPA Þ

ð42Þ

IGABA ¼ gsyn  sGABA  ðVd  VGABA Þ

ð43Þ

mCa;NMDA ¼ 1=ð1 þ 0:3  Mg  expð0:124  Vd ÞÞ
with Mg2? = 2 mM. The activation equations for AMPA,
NMDA and GABAA currents are
ð44Þ
sx ¼ sxfast þ sxslow þ sxrise
where x stands for AMPA, NMDA, GABA and
s0NMDArise ¼ 20  ð1  sNMDAfast  sNMDAslow Þ

The NaP current was assembled from the Kunec et al.’s
[49] and Dickson et al.’s [19, 25, 26, 76] studies, and it was
described by
ð38Þ

dmpo
¼ ampo ðVÞð1  mpo Þ  bmpo ðVÞ  mpo
dt
1
ampo ¼
;
0:15ð1 þ eðVþ38Þ=6:5 Þ
bmpo

ICa;NMDA ¼ gsyn  sNMDA  mCa;NMDA  ðVd  VCa;NMDA Þ

mNMDA ¼ 1=ð1 þ 0:3  Mg  expð0:062  Vd ÞÞ

ð37Þ

INaP ¼ gNaP  mpo  ðV  VNa Þ

The Ca2?-NMDA, AMPA, GABAA and NMDA synaptic
currents are given by [66] and references therein

where gsyn is the synaptic conductance expressed either by
Eqs. 47 or 1–3 and

The fast delayed rectifier K? current IKdr is given by
IKdr ¼ gKdr n4 ðV  EK Þ

Input-to-Cell Synaptic Currents

 Fpre  ð1=2Þ  sNMDArise
s0NMDAfast

¼ 20  ð0:527  sNMDAfast Þ
 Fpre  ð1=10Þ  sNMDAfast

s0NMDAslow

¼ 20  ð0:473  sNMDAslow Þ
 Fpre  ð1=45Þ  sNMDAslow ;

s0AMPArise ¼ 20  ð1  sAMPAfast  sAMPAslow Þ
 Fpre  ð1=0:58Þ  sAMPArise

eðVþ38Þ=6:5
¼
0:15ð1 þ eðVþ38Þ=6:5 Þ

s0AMPAfast

¼ 20  ð0:903  sAMPAfast Þ
 Fpre  ð1=7:6Þ  sAMPAfast

Similarly, the h-current was assembled from Kunec et al.’s
[49] and Dickson et al.’s [19, 25, 26, 76] studies, and it was
described by

s0AMPAslow ¼ 20  ð0:097  sAMPAslow Þ
 Fpre  ð1=25:69Þ  sAMPAslow
and

Ih ¼ gh ð0:65kfo þ 0:35kso ÞðV  Vh Þ
dkfo kf1 ðVÞ  kfo
¼
;
dt
skf ðVÞ

kf1 ðVÞ ¼

ð39Þ

1
;
ð1 þ eðVþ79:2Þ=9:78 Þ

0:51
þ1
eðv1:7Þ=10 þ eðVþ340Þ=52
dkso ks1 ðVÞ  kso
1
¼
; ks1 ðVÞ ¼
;
ðVþ2:83Þ=15:9
dt
sks ðVÞ
Þ58
ð1 þ e
skf ðVÞ ¼

sks ðVÞ ¼

eðv1:7Þ=14

5:6
þ 1:
þ eðVþ260Þ=43

The ionic parameter values are depicted in Table 3.

s0GABArise ¼ 20  ð1  sGABAfast  sGABAslow Þ
s0GABAfast

 Fpre  ð1=1:18Þ  sGABArise
¼ 20  ð0:803  sGABAfast Þ
 Fpre  ð1=8:5Þ  sGABAfast

s0GABAslow

¼ 20  ð0:197  sGABAslow Þ
 Fpre  ð1=30:01Þ  sGABAslow

where Fpre is the input spike generator simulating the CA3
Schaffer collateral, the EC perforant path and the MS
inputs. The input-to-cell synaptic parameter values are
displayed in Table 4.
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Table 4 Input-to-cell and cell-to-cell synaptic parameter values

Table 6 Synaptic strength parameter values

Name

Value

Name

Value

Name

Value

Name

gCa,NMDA

25

VCa,NMDA

140

Value

wec-to-pcAMPA

1.4 ? W3

waac-to-pc

gNMDA

0.3

VNMDA

0

wca3-to-pcAMPA

2.4 ? W1

wbc-to-pc

gAMPA

0.05

VAMPA

0

wec-to-pcNMDA

1.4 ? W3

wbc-to-bsc

0.05

VGABA

-75

wca3-to-pcNMDA

2.4 ? W1

wbsc-to-pc

0.3

wec-to-aac

0.9

wpc-to-bsc

0

wca3-to-aac

0.8

wbsc-to-bc

0.5

wec-to-bc

0.8

wolm-to-pc

0.5

Table 5 Cell-to-cell synaptic parameter values

wca3-to-bc

0.8

wpc-to-olm

1.1

Name

wca3-to-bsc

2

wbc-to-pc

0.1

wsep360-to-aac

10

wsep180-to-bsc

8

wsep360-to-bc

10

wsep180-to-olm

30

gGABA
2

Units g, mS/cm ; V, mV

Value

Name

Value

aAAC2PC

5

bAAC2PC

0.01

aBC2PC
aBSC2PC

5
5

bBC2PC
bBSC2PC

0.015
0.01

aOLM2PC

5

bOLM2PC

0.01

aBC2BC

3.5

bBC2BC

0.18

aBC2BSC

3.5

bBC2BSC

0.18

aBSC2BC

3.5

bBSC2BC

0.18

aPC2BC

20

bPC2BC

0.19

aPC2BSC

20

bPC2BSC

0.19

aPC2AAC

20

bPC2AAC

0.19

aPC2OLM

20

bPC2OLM

0.19

Units g, mS/cm2; V, mV; a, 1/ms; b, 1/ms

Input Spike Generator
The input spike generator simulating the CA3 Schaffer
collateral, the EC perforant path and the MS inputs were
described by
Fpre ¼ Hðt  1Þ  ðHðsinð2p  ðt  2Þ=TÞÞ
 ð1  Hðsinð2p  ðt  1Þ=TÞÞÞÞ

Cell-to-Cell Synaptic Currents
The synaptic current is given by
ð46Þ

where gsyn is the synaptic conductance and Erev is the
reversal potential. The synaptic conductance is expressed
by
gsyn ¼ w  gmax

ð47Þ

where gmax is the maximal synaptic conductance and w is
the synaptic strength. The values of the synaptic strengths
are given in Table 6. In the model, three synaptic currents
are included: AMPA, NMDA and GABAA. The values of
the synaptic parameters are displayed in Table 4. The

123

0.1
20

gating variable, s, which represents the fraction of the open
synaptic ion channels, obeys the following differential
equation
ds
¼ a  FðVpre Þ  ð1  sÞ  b  s
dt

ð48Þ

where the normalized concentration of the postsynaptic
transmitter–receptor complex, F(Vpre), is assumed to be an
instantaneous and sigmoid functions of the presynaptic
membrane potential


FðVpre Þ ¼ 1= 1 þ eðVpre hÞ=2
ð49Þ
where h = 0 mV is high enough so that the transmitter
release occurs only when the presynaptic cell emits a spike
[16]. The values of the channel opening and closing rates
are displayed in Table 5.

ð45Þ

where T is the period of oscillation and H() is the Heaviside
function.

Isyn ¼ gsyn  s  ðV  Erev Þ

1.0
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