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Transition Between Encoding and Consolidation/Replay Dynamics via
Cholinergic Modulation of CAN Current: A Modeling Study
Varun Saravanan,1 Danial Arabali,1 Arthur Jochems,1 Anja-Xiaoxing Cui,1
Luise Gootjes-Dreesbach,1 Vassilis Cutsuridis,2* and Motoharu Yoshida1*

ABSTRACT: Hippocampal place cells that are activated sequentially
during active waking get reactivated in a temporally compressed (5–20
times) manner during slow-wave-sleep and quiet waking. The two-stage
model of the hippocampus suggests that neural activity during awaking
supports encoding function while temporally compressed reactivation
(replay) supports consolidation. However, the mechanisms supporting
different neural activity with different temporal scales during encoding
and consolidation remain unclear. Based on the idea that acetylcholine
modulates functional transition between encoding and consolidation,
we tested whether the cholinergic modulation may adjust intrinsic network dynamics to support different temporal scales for these two modes
of operation. Simulations demonstrate that cholinergic modulation of
the calcium activated non-specific cationic (CAN) current and the synaptic transmission may be sufficient to switch the network dynamics
between encoding and consolidation modes. When the CAN current is
active and the synaptic transmission is suppressed, mimicking the high
acetylcholine condition during active waking, a slow propagation of
multiple spikes is evident. This activity resembles the firing pattern of
place cells and time cells during active waking. On the other hand,
when CAN current is suppressed and the synaptic transmission is intact,
mimicking the low acetylcholine condition during slow-wave-sleep, a
time compressed fast (~10 times) activity propagation of the same set
of cells is evident. This activity resembles the time compressed firing
pattern of place cells during replay and pre-play, achieving a temporal
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compression factor in the range observed in vivo (5–
20 times). These observations suggest that cholinergic
system could adjust intrinsic network dynamics suitable for encoding and consolidation through the modulation of the CAN current and synaptic conductance
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in the hippocampus. V
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INTRODUCTION
The hippocampus is believed to operate in two distinct modes: encoding and consolidation (Muller and
Pilzecker, 1900; Buzsaki, 1989). Memories are encoded
during active waking in the hippocampus and are later
consolidated to higher cortices during slow-wave-sleep
(SWS) and quiet waking (Squire and Alvarez, 1995;
Dudai, 2004). Encoding and consolidation are supported by distinct EEG and firing patterns. During
active waking, hippocampal place cells fire multiple
spikes in their place fields, and cells with overlapping
fields fire sequentially as the animal runs through the
fields. In contrast, the same set of cells are reactivated in
a temporally compressed (5–20 times) manner during
SWS and quiet waking; the so-called “replay” (Wilson
and McNaughton, 1994; Lee and Wilson, 2002; Foster
and Wilson, 2006; Diba and Buzsaki, 2007; Dragoi
and Tonegawa, 2011). While evidence supports the
idea that activity during active waking supports encoding (Jensen and Lisman, 1996; Molter et al., 2007) and
replay supports consolidation (Rasch et al., 2006; Girardeau et al., 2009; Jadhav et al., 2012), mechanisms
that underlie the transition between encoding and consolidation dynamics remain unknown.
The prevailing theory suggests that the level of acetylcholine triggers this transition of operational modes
(Hasselmo, 1999). The higher acetylcholine level during active waking is associated with the theta rhythm,
and the lower acetylcholine level during SWS is associated with slow-wave activity in the hippocampus
both in vivo and in vitro (Green and Arduini, 1954;
Winson, 1974; Traub et al., 2003; Norimoto et al.,
2012). In agreement with this, while enhanced cholinergic tone improves encoding, it impairs consolidation
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(reviewed in Gais and Born, 2004; Deiana et al., 2011). On
the other hand, administration of cholinergic antagonists
impairs encoding, while it does not have a significant effect on
consolidation or even improves consolidation (Roger and Kesner, 2003, 2004; Atri et al., 2004; Rasch et al., 2006; reviewed
in Deiana et al., 2011; but see Parent and Baxter, 2004). In
addition, while replay observed in SWS, during which acetylcholine level is low, is temporally compressed, replay during
the REM sleep, during which acetylcholine level is high, is
similar to firing pattern of place cells during active waking
(Louie and Wilson, 2001). These suggest that hippocampal
function and network dynamics are both modulated by the
level of acetylcholine.
However, it remains unknown how cholinergic modulation
switches hippocampal network dynamics to support different
temporal scales of neural activity during encoding and consolidation. While cholinergic receptor activation suppresses synaptic
transmission (Hasselmo et al., 1995; Vogt and Regehr, 2001;
Kremin and Hasselmo, 2007), intrinsic cellular excitability of
pyramidal cells is increased through modulations of the calcium
activated non-specific cationic (CAN) current and potassium
currents (Benardo and Princem, 1982a, 1982b; G€ahwiler and
Dreifuss, 1982). In particular, we have recently shown that the
activation of the CAN current allows hippocampal pyramidal
cells to support persistent firing (Jochems and Yoshida, 2013;
Knauer et al., 2013), dramatically altering cellular dynamics.
Here, we test whether the cholinergic modulations of these
physiological properties support the transition between encoding and consolidation dynamics using a computational model.
Our results indicate that a combination of CAN current modulation and presynaptic inhibition, could switch cellular activity
from encoding-like to consolidation-like activity. The
encoding-like activity resembled “place cell” (O’Keefe and Dostrovsky, 1971) and “time cell” (Pastalkova et al., 2008; MacDonald et al., 2011) dynamics which consisted of a slow
propagation of multiple spikes in the network. On the other
hand, the consolidation-like activity resembled time compressed “replay” activity which was a fast propagation of spikes.
As the result, the time compression factor (10 times)
observed in vivo (5–20 times) was replicated by our model
(10 times) suggesting that cholinergic system could adjust
intrinsic network temporal scale suitable for encoding and consolidation through the modulation of the CAN current and
synaptic conductance.

MATERIALS AND METHODS
The Pyramidal Cell Model
The pyramidal cell model was developed based on Pospischil
et al. (2008). It is a single compartment model with the Hodgkin–Huxley type sodium current (INa), a delayed potassium
rectifier (IKd), a slow voltage-dependent M-type potassium current (IM), an L-type high-threshold calcium current (ICaL), and
Hippocampus

TABLE 1.
Pyramidal Cell Parameter Values
Name
Cm
gNa
ENa
VT
gKd
EK
gM
smax
gCaL

Value

Name

Value

1 lF cm22
50 mS cm22
50 mV
263 mV
5 mS cm22
290 mV
0.004 mS cm22
1s
0.01 mS cm22

ECa
gCAN
ECAN
Cac
gL
EL
Ca1
tadj

120 mV
See Results section
220 mV
2 lM
0.00001 S cm22
270 mV
2.4e–4 mM
36

a calcium activated non-specific cation current (CAN) current
(ICAN). The CAN current was based on Destexhe et al. (1994).
All other ionic properties were based on Pospischil et al.
(2008) model. The dimensions, passive properties and active
ionic properties of the somatic compartment of the pyramidal
cell model are listed in Table 1.
The somatic membrane potential dynamics obeyed the following equation:
Cm

dV
¼ 2Ileak 2INa 2IKd 2IM 2ICaL 2ICAN
dt

(1)

where V is the membrane potential, Cm is the membrane
capacitance, INa is the sodium current, IKd is the delayed rectifier, IM is the M-current which is a slow voltage-dependent
potassium current responsible for spike-frequency adaptation,
ICaL is the L-type high-threshold calcium currents, respectively,
and ICAN is the CAN current.
The sodium current was described by the following
equations:
INa ¼ gNa m3 hðV 2ENa Þ

(2)

dm
¼ am ðV Þ  ð12mÞ2bm ðV Þ  m
dt
dh
¼ ah ðV Þ  ð12hÞ2bh ðV Þ  h
dt
20:32ðV 2VT 213Þ
am ¼
expð2ðV 2VT 213Þ=4Þ21
0:28ðV 2VT 240Þ
bm ¼
expððV 2VT 240Þ=5Þ21
ah ¼ 0:128expð2ðV 2VT 217Þ=18Þ
4
bh ¼
ð11expð2ðV 2VT 240Þ=5Þ
where gNa is the maximal conductance of the sodium current
and ENa is the reversal potential of the Na1 current (see Table
1 for values of these parameters). The variable VT adjusts the
spike threshold. The delayed rectifier potassium current obeyed
the following equations:
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IKd ¼ gKd  n4  ðV 2EK Þ

(3)

dn
¼ an ðV Þ  ð12nÞ2bn ðV Þ  n
dt
20:032ðV 2VT 215Þ
an ¼
expð2ðV 2VT 215Þ=5Þ21

ICAN ¼ gCAN  m2  ðV 2ECAN Þ

where gKd is the maximal conductance of the delayed rectifier
K1 current and EK is the K1 reversal potential. The M-type
K1 current is described by:
(4)

dp
¼ ðp1 ðV Þ2pÞ=sp ðV Þ
dt
1
p1 ðV Þ ¼
11expð2ðV 135Þ=10Þ
sp ðV Þ ¼

where gCAN is the maximal conductance, dt is the time step, T
is the temperature, Cai is the internal Ca21concentration (see
below) and Cac is a parameter which sets calcium sensitivity of
the channel. The leak current is given by:
(8)

where gL is maximal leakage conductance and EL is reversal
leakage potential.

where gM is the maximal conductance of the M current. The
high-threshold Ca21 current was described by:
ICaL ¼ gCaL q2 rðV 2ECa Þ

tadj ¼ 3ðT 236Þ=10

IL ¼ gL  ðV 2EL Þ

smax
3:3expððV 135Þ=20Þ1expð2ðV 135Þ=20Þ

(7)

2dt=sm

Þðm1 2mÞ
1
sm ¼
ða2 1bÞ  tadj
a2
m1 ¼
a2 1b
Cai
a 2 ¼ b  ð Þ2
Cac

m ¼ m1ð12e

bn ¼ 0:5expð2ðV 2VT 210Þ=40Þ

IM ¼ gM pðV 2EK Þ
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(5)

dq
¼ aq ðV Þ  ð12qÞ2bq ðV Þ  q
dt
dr
¼ ar ðV Þ  ð12rÞ2br ðV Þ  r
dt
0:055ð2272V Þ
aq ¼
expðð2272V Þ=3:8Þ21
bp ¼ 0:94expð2ð751V Þ=17Þ
ar ¼ 0:000457expð2ðV 113Þ=50Þ
0:0065
br ¼
expð2ðV 115Þ=28Þ11

Inhibitory Interneuron
The inhibitory interneuron was a single compartment Hodgkin–Huxley neuron model without additional current. It
included a Hodgkin–Huxley type sodium current (INa), and a
delayed rectifier potassium current (IKd). The interneuron
model did not include the CAN current based on the observation that majority of interneurons do not show persistent firing
even during high cholinergic receptor activation (Jochems and
Yoshida, 2013). All parameter values related to the interneuron
model are listed on the Table 2.
The model is described by the following equation:
Cm

dV
¼ 2Ileak 2INa 2IKd
dt

(9)

where gCaL is the maximal conductance of the high-threshold
Ca21 current and ECa is the reversal potential for the Ca21
current. The dynamics of intracellular calcium concentration
was modeled as follows:

where V is the membrane potential, Cm is the membrane
capacitance, Ileak is the leak current, INa is the sodium current,
and IKd is the delayed rectifier. The sodium current is
described by:

dCai
Ca1 2Cai 2
¼ gðICaL Þ1ð
Þ
dt
scad

INa ¼ gNa  m3  h  ðV 2ENa Þ

gðICaL Þ ¼

(6)

dm ðm1 2mÞ
¼
dt
sm
am
m1 ¼
am 1bm
am 1bm
sm ¼
q10  am

2k  Cai
2Fd

where Ca1 is a constant that represents the intracellular calcium concentration at the resting condition (0.24 mM). scad is
the calcium removal constant. We used 250 ms based on
Fransen et al. (2006). The variable k is used as a unit conversion constant, 105. F represents the Faraday constant, 96,489
coulomb. Finally, the value d represents the depth of a shell in
which the calcium is stored (1 mm). The CAN current is
described by:

(10)

20:1  ðV 140Þ
expð2ðV 140Þ=10Þ21
bm ¼ 4  expð2ðV 165Þ=18Þ

am ¼

dh ðh1 2hÞ
¼
dt
sh
Hippocampus
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TABLE 2.
Inhibitory Interneuron Parameter Values
Name
22

gNa (S cm )
gKd (S cm22)
gL (S cm22)
T ( C)

Value

Name

Value

0.12
0.036
0.0003
6.3

ENa (mV)
EKd (mV)
EL (mV)

50
290
254.3

ah
ah 1bh
ah 1bh
sh ¼
q10  ah

h1 ¼

ah ¼ 0:07  expð2ðV 165Þ=20Þ
1
bh ¼
11expð2ðV 135Þ=10Þ
q10 ¼ 3ðT 26:3Þ=10
where gNa is the maximal conductance of the sodium current
and ENa is the reversal potential of the Na1 current. The
delayed rectifier K1 current is given by
IKd ¼ gKd  n4  ðV 2EKd Þ

(11)

dn ðn1 2nÞ
¼
dt
sn
an
n1 ¼
an 1bn
an 1bn
sn ¼
q10  an
20:1  ðV 155Þ
expð2ðV 155Þ=10Þ21
bn ¼ 0:125  expð2ðV 165Þ=80Þ
an ¼

Synaptic Properties
Synaptic connections were modeled by a double exponential
function as follows:

q10 ¼ 3ðT 26:3Þ=10
where gKd is the maximal conductance of the delayed rectifier
K1 current and EK is the K1 reversal potential. The leak current is given by:
IL ¼ gL  ðV 2EL Þ

backward connection conductance between pyramidal cells
(PC8 to PC7, PC7 to PC6, etc).
A form of lateral inhibition was applied to the network
model. We used this network structure because this is a simple
way to achieve the so called Mexican hat type network which
has been widely used for models of place cells and grid cells
(Samsonovich and McNaughton, 1997; Redish, 1999; Kali and
Dayan, 2000; Fuhs and Touretzky, 2006). This type of
network is also widely known to generate a spatial bumpactivity. Although it remains unclear whether the Mexican hat
type network is plausible in CA3, relatively long range inhibitory effect in the model is in agreement with the existence of
gap junctions between inhibitory cells (Meyer et al., 2002;
Traub et al., 2004) and high probability of synchronized firing
between distant interneurons (Diba et al., 2014). We used
multiple interneurons in our model instead of using single
interneuron that inhibits the whole network. Such implementation is in agreement with the fact that there are inhibitory neurons that has place fields (Ego-Stengel and Wilson, 2007).
Each inhibitory cell was excited by the closest pyramidal cell
(e.g., IC4 received excitatory input only from PC4). Each
inhibitory cell inhibited distant pyramidal cells but not the
nearest and the next nearest pyramidal cells (e.g., IC4 inhibited
PC1, 2, 6, 7, and 8; Gray dashed lines in Fig. 3). The connection conductances from a pyramidal to an inhibitory cell (Wpi)
and from an inhibitory to a pyramidal cell (Wip) were both set
to 0.02 mS throughout the article. These values enabled a single spike of a pyramidal cell to elicit a single spike in the
inhibitory cell with a delay of roughly 5 ms. In addition, persistent firing of pyramidal cells could be terminated with these
values. Larger inhibitory connection strengths hampered the
propagation of activity through the network.

(12)

where gL is maximal leakage conductance and EL is reversal
leakage potential.

Isyn ¼ gsyn  ðV 2Esyn Þ
gsyn ¼ w  ðe

2t=s2

2e

2t=s1

(13)
Þ

where s1 is the rise time, s2 is the fall time and Esyn is the
reversal potential. For the excitatory synapses (AMPA type),
reversal potential was set to 0 mV and the time constants were
set to 1 and 7 ms, respectively. For the inhibitory synapses
(GABAA type), reversal potential was set to 270 mV and the
time constants were set to 1 and 8 ms, respectively.

The Network Model

Cholinergic Modulations

The network model consisted of eight pyramidal cells (PC)
and eight inhibitory cells (IC). The pyramidal cells were connected to the nearest neighbor pyramidal cell(s) through excitatory synapses (see Fig. 3 for the network structure). Wpp_F
denotes the forward connection conductance between pyramidal cells (PC1 to PC2, PC2 to PC3, etc). Wpp_B denotes the

To implement high and low acetylcholine conditions, we
modulated the conductance of the CAN current (gCAN) and
the conductance of synapses between pyramidal cells (Wpp_F
and Wpp_B). The gCAN was 18.8 and 0 mS cm22 in the high
and low acetylcholine conditions, respectively. Wpp_F and
Wpp_B were approximately twice as strong in the low
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acetylcholine condition compared to that in the high acetylcholine condition. Exact values for Wpp_F and Wpp_B were different depending on the network structures employed, and are
therefore described in the corresponding Results sections.

Synaptic Noise
Synaptic noise was modeled as random AMPA and GABAA
synaptic inputs following the Poisson process with a mean frequency of 100 Hz. Conductances for both of these inputs were
0.0025 mS unless otherwise noted. These conductances were
sufficient to create membrane potential fluctuations large
enough to induce occasional spiking as observed in vivo (Harvey et al., 2009).

Implementation
Simulations were performed using the NEURON simulation
environment (Carnevale and Hines, 2006). Data analysis was
performed with MATLAB (MathWorks). The source code for
the network model is available upon request to the corresponding author at motoharu.yoshida@rub.de.

RESULTS
CAN Current Supports Persistent Firing in the
Pyramidal Cell Model
The CAN current is a cationic membrane current which is
activated through the muscarinic cholinergic receptor and
intracellular calcium (Reboreda et al., 2011; Yoshida et al.,
2012). Using whole-cell patch clamp recordings in a hippocampal brain slice preparation, we have recently reported that
brief stimulation of hippocampal CA3 pyramidal cells triggers
persistent firing through the activation of the CAN current
(Jochems and Yoshida, 2013). Figure 1a shows an example of
persistent firing recorded in the presence of a cholinergic receptor agonist carbachol (10 mM), which mimics the highacetylcholine concentration during active waking condition. A
brief current injection (0.1 nA, 200 ms) was applied to the cell
to trigger action potentials (Fig. 1a3). As a response to this
stimulation, pyramidal cells continued firing (persistent firing)
even after the offset of stimulation (Fig. 1a1). The frequency
of this persistent firing ranged from 7.5 to 18.5 Hz (Fig. 1a2).
In contrast, when carbachol was not present, the same stimulation only elicited spiking during the stimulation and none of
the cells showed persistent firing (Fig. 1b1). In summary, the
CAN current greatly modulated cellular response of CA3
pyramidal cells dependent on the cholinergic receptor activation which is heightened during active waking.
Our pyramidal cell model with the CAN current (see Methods) showed similar persistent firing as a response to similar
current injections. Figures 2a1–a5 show persistent firing of the
pyramidal cell model when the maximal conductance of the
CAN current, gCAN was 18.8 mS cm22. This relatively high
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gCAN represents cholinergic modulation effects on CAN current. In this condition, a brief current injection (0.1 nA, 220
ms) induced persistent firing with a frequency of 15 Hz and
this persistent firing continued for the duration of simulation.
As shown in Figure 2a3, calcium concentration [Cai in Eq. (7)
in Methods] increased due to calcium influx caused by action
potentials during stimulation. This, in turn, increased the conductance of the CAN current as shown in Figure 2a4. The
resulting CAN current influx was large enough to depolarize
the membrane potential to cause firing. This firing triggered
further calcium influx and the intracellular calcium concentration was maintained high enough to keep the CAN current
active. This allowed our pyramidal cell model to support persistent firing similar to our in vitro recordings (Figs. 1a1–a3).
Likewise, our model did not show persistent firing when the
gCAN was set to zero (Figs. 2b1–b5) similar to our recordings
in the absence of carbachol (Figs. 1b1–b3). This represents the
low acetylcholine condition where CAN current cannot be
activated.

Transition of Sequential Activity in a Network
Model
Next, we asked whether cholinergic modulation of cellular
properties could support different sequential activity of pyramidal cells during high and low acetylcholine states. The network
model consisted of eight pyramidal cells (PC) and eight inhibitory interneurons (IC; Fig. 3). In this section, the excitatory
synaptic connections between pyramidal cells took a form of a
unidirectional chain (PC1 to PC2, PC2 to PC3, etc) by setting
Wpp_B to 0 mS. We used this network structure because the
“pre-play” studies suggest that hard wired connections between
pyramidal cells exist in the hippocampus and they influence
sequential activity both in awaking condition and during replay
(Dragoi and Tonegawa, 2011, 2013). Similar sequential activity
during awaking is also reported in “time cell” studies (Pastalkova et al., 2008; Gill et al., 2011; MacDonald et al., 2011),
which indicated that hippocampus could support internally created sequences (see Discussion). The unidirectional chain is the
simplest way to implement such a pre-existing sequence. Inhibitory cells in the network were connected via a form of lateral
inhibition (see Methods section for details).
As mentioned above, high acetylcholine condition allows the
CAN current to be activated. In addition, high acetylcholine
suppresses glutamatergic synaptic transmission in CA3 (Hasselmo et al., 1995; Vogt and Regehr, 2001; Kremin and Hasselmo, 2007). To implement these, we used gCAN 5 18.8
mS cm22 and Wpp_F 5 0.0085 mS for the simulation of high
acetylcholine condition, and gCAN 5 0 mS cm22 and
Wpp_F 5 0.015 mS for the low acetylcholine condition. All
other parameters were identical in both conditions.
In the high acetylcholine condition, a brief stimulation to
the PC1 (0.1 nA, 220 ms) initiated persistent firing in the
PC1 (Fig. 4a). This firing continued even after the stimulus
ended due to the activation of the CAN current described
above. The firing of PC1 caused EPSPs in the PC2. However,
Hippocampus
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FIGURE 1.
Cholinergic agonist supports persistent firing in hippocampal CA3 pyramidal
cells in vitro. (a1-3) Example of persistent firing recorded in cholinergic receptor agonist carbachol (10 mM). (b1-3) Response of the same neuron in the absence of carbachol. (a1, b1) Membrane potential. (a2, b2) Firing frequency. (a3, b3) Current injection stimulus.

due to relatively weak synaptic transmission (Wpp_F 5 0.0085
mS) used in this simulation, PC2 did not fire immediately
(arrow in PC2). As multiple EPSPs underwent temporal summation, however, PC2 started firing and persistent firing was
initiated. Thus, activity of pyramidal cells propagated though
the network with a delay of 194 6 57 ms in between pairs of
pyramidal cells and each cell fired multiple spikes due to the
CAN current activation.
Inhibitory cells played an important role in restricting the
duration of persistent firing. Once the activity propagated to
PC3 and 4, IC3 and 4 were activated by these PCs. Activity
of IC3 and 4, in turn, inhibited PC1 through inhibitory connections (Fig. 3, dotted gray lines) and terminated firing of
PC1. As a result, duration of firing of a pyramidal cell was
on average 410 6 95 ms. During this repetitive firing, cal-

cium concentration increased and the CAN current was activated as shown in Figure 5. Inhibitory inputs terminated this
firing and the CAN current was deactivated. Therefore, persistent firing did not continue even after the inhibition to
PC1 ceased. In contrast, the two last PCs in the network
(PC7 and 8) continued firing because there were no downstream inhibitory cells (See Discussion). In summary, pyramidal cells fired sequentially with a relatively long delay and
each cell fired multiple spikes (10 spikes) as observed in
vivo during active waking.
In the low acetylcholine condition, the same triggering stimulus to PC1 elicited a single spike in PC1 (Fig. 6). Because the
CAN current conductance was zero, repetitive firing did not
occur. However, since the strength of the synaptic connections
between pyramidal cells was stronger, this single action

FIGURE 2.
CAN current supports persistent firing in the
pyramidal cell model. (a1-5) Persistent firing of the pyramidal cell
with the CAN current (gCAN 5 18.8 mS cm22). (b1-5) Response of
the pyramidal cell without the CAN current (gCAN 5 0 mS cm22).
(a1, b1) Membrane potential. (a2, b2) Firing frequency. (a3, b3)

Intra-cellular calcium concentration. (a4, b4) Conductance of
CAN current. (a5, b5) Current injection stimulus. Activation of
the CAN current through the rise of calcium concentration supports persistent firing.

Hippocampus
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Transition Area between the Low and the High
Acetylcholine Levels
FIGURE 3.
The network architecture. The network model
consisted of eight pyramidal cells (black circles) and eight inhibitory cells (gray circles). Solid arrows indicate excitatory synaptic
connections (rightward arrows: Wpp_F, leftward arrows: Wpp_B,
and downward arrows Wpi). Dashed gray arrows indicate inhibitory synaptic connections (Wip). Note that inhibitory connections
only from the 4th inhibitory cell are shown in the figure. Each
inhibitory cell inhibited distant pyramidal cells but not the nearest
and the next nearest pyramidal cells. Wpi and Wip were both 0.02
mS throughout the article. Values of Wpp_F and Wpp_B can be
found in each section.

potential caused an action potential in PC2. As a result, a single action potential propagated to subsequent pyramidal cells
with a short delay (23 6 3 ms; Note different time scales used
in Figs. 4 and 6). This sequential firing of pyramidal cells in
low acetylcholine condition was 8.4 times faster than the high
acetylcholine condition. This compression rate is in agreement
with the observations in vivo (5–20 times; Nadasdy et al.,
1999; Lee and Wilson, 2002; Ji and Wilson, 2007).

As the next step, we investigated the activity of the model
when gCAN and Wpp_F were in between and in the vicinity of
the low and high acetylcholine conditions shown above. We
conducted simulations using different sets of gCAN and Wpp_F
values, using the same stimulation to PC1 as in the previous
section. Figure 7a describes resulting activity with various sets
of gCAN and Wpp_F. For each pair of parameters, color code
shows average propagation delay between a pair of pyramidal
cells, and the number shows the last cell to which activation
propagated. For example, the number 3 means that the propagation of firing activity reached PC3 but PC4 to 8 did not
fire. When propagation reached all the way until PC8, the
number is omitted from the figure.
The red rectangle with the letter A indicates the high acetylcholine condition shown in the previous section (Fig. 4). In an
in vivo condition, when the acetylcholine level decreases, the
CAN current conductance would decrease and the synaptic
conductance would increase (Benardo and Prince,
1982a,1982b; G€ahwiler and Dreifuss, 1982; Vogt and Regehr,
2001; Kremin and Hasselmo, 2007). This transition is shown

FIGURE 4.
High acetylcholine supports active waking-like network activity in a unidirectional chain model. (a) Activity of the pyramidal cells. (b) Activity of the inhibitory cells.
Thick line below trace of the first pyramidal cell indicates duration of stimulus (0.1 nA, 220
ms). gCAN 5 18.8 mS cm22, Wpp_F 5 0.0085 mS, Wpp_B 5 0 mS.
Hippocampus
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by the arrow with red dotted lines on Figure 7a. The red rectangle at the arrow head indicated by the letter D corresponds
to the low acetylcholine condition shown in the previous section (Fig. 6). Interestingly, conditions along this red arrow
resulted in incomplete propagations. For example, at the conditions indicated by the red rectangles B (gCAN 5 14.0 lS cm22,
Wpp_F 5 0.010 mS) and C (gCAN 5 5.0 lS cm22,
Wpp_F 5 0.013 mS), activity propagated only to PC2 and PC3,
respectively (Figs. 7b and c). On the other hand, the propagation delay gradually decreased along the red arrow. Propagation
delay for conditions B and C were 104.45 and 79.85 ms,
respectively. In summary, if we assume that gCAN and Wpp_F
change proportionally to the acetylcholine concentration (the
arrow), the transition area between the high to low acetylcholine conditions does not support activity propagation. This
may support an abrupt switch of hippocampal function rather
than a gradual shift.
Figure 7d shows the activity of the network when only the
CAN current was activated and the synaptic suppression was
omitted. This condition is shown on Figure 7a by the red rectangle labeled E. In this condition, fast propagation of a single action potential was observed similar to the low
acetylcholine condition. Figure 7e shows the activity of the
network with synaptic suppression but no CAN current (red
rectangle labeled F on Fig. 7a). In this condition, action
potentials did not propagate at all. In summary, only having
CAN current (Fig. 7d) or only suppressing synaptic conductance (Fig. 7e) does not support slow awaking-like activity
propagation. Slow propagation happened only when both
CAN current and synaptic suppressions were taken into
account.

Bidirectional Symmetric Network
Despite the evidence that sequences exist prior to experiencing a novel environment as mentioned above (Dragoi and
Tonegawa, 2011, 2013), it has also been demonstrated that
experience does modify replay activity (Wilson and McNaughton, 1994; O’Neill et al., 2006, 2010). According to this scenario, a symmetric network becomes asymmetric after
experiencing code sequences (Jensen and Lisman, 2005; Molter
et al., 2007). We therefore first tested a bi-directionally connected but symmetric network by setting the synaptic strength
for the forward (Wpp_F) and backward directions (Wpp_B) the
same. For the simulations of the high acetylcholine condition,
values of gCAN and Wpps were set to 18.8 lS cm22 and 0.0085
mS, respectively, as in the previous section (Transition of
Sequential Activity in a Network Model Section).
The same stimulus was applied to the first cell (PC1) three
seconds after the initiation of the simulation (Fig. 8). As in the
previous simulation, this stimulation caused persistent firing in
PC1 due to an activation of the CAN current. The activity
propagated to PC4 with a similar (120 6 10 ms) delay to previous simulation with high acetylcholine (note different time
scale compared to Fig. 4). However, the activity did not propagate further and stayed as persistent firing of three first pyramiHippocampus

FIGURE 5.
Activation of the CAN current underlies firing of
individual pyramidal cells. (a) Membrane potential of the 4th
pyramidal cell in Figure 4a. (b) Instantaneous firing frequency. (c)
Intra-cellular calcium concentration of the same cell. (d) Conductance of the CAN current. During the sequential network activity
in Figure 3, CAN current was activated in individual cells.

dal cells (PC1 to PC3). This is because the activity propagates
backward through the backward connection (Wpp_B) and
strong activity of PC1 is maintained. This strong activity of
PC1 causes strong activity of IC1 and this inhibits PC4
strongly, preventing further propagation of the activity. Additionally, unlike the unidirectional model (Fig. 4), firing of PC2
excited not only PC3 but also PC1. This excitation was stronger than the feed-back inhibition from IC3 to PC1. As the
result, persistent firing was not terminated in these three cells,
and formed a stable spatial “bump” of activity. During this stable bump of activity, IC1 inhibited PC3, and IC3 inhibited
PC1, while PC2 was not inhibited by any inhibitory cell. As
the result, PC2 fired at the highest frequency among these
three pyramidal cells.
We further tested whether we could move this bump of
activity by giving an additional stimulation. A current injection
(0.4 nA, 140 ms) was given to PC7 at 7 s. This stimulation
moved the bump activity from the PC1-3 to PC7-9. The same
stimulation was applied again to PC3 at 9 s. This moved the
bump of activity to PC2-4 and the activity stayed there for the
duration of our simulation. In summary, in a bi-directional
symmetric network, spatially stable persistent firing of subset of
cells could be supported in the high acetylcholine condition. In
addition, stimulation that mimics sensory input could control
the spatial activity of the network.
To simulate the low acetylcholine condition, gCAN was set to
zero and the Wpps (Wpp_F and Wpp_B) were increased to 0.015
mS as in the previous section with low acetylcholine. When the
first cell (PC1) was stimulated by the same stimulation, due to
the bi-directional nature of the connections, reverberating synaptic activity drove all cells to continuous firing eventually
(data not shown). We asked whether this hyper-excitation
could be the result of lack of after-hyperpolarization currents.
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FIGURE 6.
Low acetylcholine supports replay-like network activity in unidirectional chain
model. Note that the time scale used in this figure is approximately ten times faster than that
in the Figure 4. (a) Activity of the pyramidal cells. (b) Activity of the inhibitory cells. Thick
line below trace of the first pyramidal cell indicates duration of stimulus (0.1 nA, 220 ms).
gCAN 5 0 mS cm22, Wpp_F 5 0.015 mS, Wpp_B 5 0 mS.

Because muscarinic cholinergic receptor activation suppresses
the M-current (Halliwell and Adams, 1982; Cole and Nicoll,
1983; Madison, et al., 1987), it is reasonable to use a larger
M-current conductance (gM) for the simulation of the lowacetylcholine condition compared to the high-acetylcholine
condition. To implement this, we increased the gM from 30 to
100 mS cm22 in the following simulation. Figure 9a shows the
propagation of activity in the pyramidal cells in low acetylcholine when a stimulus of 0.2 nA was supplied for 50 ms. As was
seen in the unidirectional model (Fig. 6), the activity propagated from PC1 to PC9. The average propagation delay in this
case was 31 6 4 ms. In addition, in this network, it was possible to elicit backward propagation of activity when the stimulation was given to PC9 (Fig. 9b).
In summary, when the network had a bidirectional symmetric connection pattern, activity could be controlled by the stimulation in high acetylcholine condition. However, this network
can support replay-like fast sequential activity in both forward
and backward directions in the low acetylcholine condition if
we consider the modulation of the M-current in addition to
the CAN current and synaptic suppression.

Bidirectional Asymmetric Network
We next asked what type of network activity arises when the
bidirectional symmetric network is modulated to yield an
asymmetricity by experience-related synaptic plasticity. To
implement asymmetric network connectivity with high acetylcholine, we set Wpp_F to 0.01 mS, Wpp_B to 0.0075 mS, and
gCAN to 18.8 mS cm22.
As shown in Figures 10a and b, the activity of the pyramidal
cells propagated from PC1 to PC9 initiated by the current
stimulation to PC1 (0.1 nA, 220 ms). When PC2 was activated by PC1, it excited PC3 more strongly than PC1. As a
result, IC3 was activated strongly enough to suppress PC1,
similarly to the unidirectional case introduced above (Fig. 4).
The activity therefore propagated forward in this case with an
average delay of 76 6 60 ms. Stimulation to the PC9 did not
cause backward propagation (data not shown).
To simulate the low acetylcholine condition, we set Wpp_F to
0.016 mS, Wpp_B to 0.012 mS, and gCAN to 0 mS cm22. By
stimulating PC1, relatively fast propagation of activity was
observed (Fig. 10c) as in the case of unidirectional model (Fig.
Hippocampus
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FIGURE 8.
Activity of pyramidal cells in the bidirectional
symmetric network with high acetylcholine. The first stimulus (0.1
nA, 220 ms) was applied to the first pyramidal cell at 4 s. The second stimulus (0.4 nA, 140 ms) was applied to the 8th pyramidal
cell at 7 s. The third stimulus (0.4 nA, 140 ms) was applied to the
3rd pyramidal cell at 9 s. In this network, activity did not propagate but was manipulated by the stimuli. gCAN 5 18.8 mS cm22,
Wpp_F 5 0.0085 mS, Wpp_B 5 0.0085 mS.

FIGURE 7.
Transition area between the low and the high acetylcholine levels. (a) Delay and extent of activity propagation. For
each pair of parameters (Wpp_F and gCAN), color code shows average propagation delay between a pair of pyramidal cells, and the
number shows the last cell to which activity propagated. The red
rectangles with the letters A and D correspond to the parameters
used for simulations with high acetylcholine (Fig. 4) and low acetylcholine (Fig. 6), respectively. (b)–(e) Activity of pyramidal cells
in simulations with parameters corresponding to red rectangles B,
C, E and F, respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

4). When stimulation was given to PC9, propagation of activity in the reversed order did not occur in this model.
In addition, we tested networks with less asymmetricity than
the case above (data not shown). In the high acetylcholine condition (e.g., Wpp_F 5 0.01 mS, Wpp_B 5 0.0094 mS, and
gCAN 5 18.8 mS cm22), persistent firing of group of cells was
observed as in the case of the symmetric network with high
acetylcholine (Fig. 8). In the low acetylcholine condition (e.g.,
Hippocampus

Wpp_F 5 0.016 mS, Wpp_B 5 0.015 mS, and gCAN 5 0
mS cm22), fast propagation was seen in both forward and
backward directions, similarly to the case of the symmetric network with low acetylcholine (Figs. 9a and b).
In summary, in the bidirectional asymmetric model, the
degree of asymmetricity controlled the activity. While relatively
small asymmetricity resulted in an activity similar to that in
the bidirectional symmetric model, a stronger asymmetricity
caused the model to behave like the unidirectional model.
Such transition might occur depending on the experience of
the animal.

Robustness of the Model against Noise and
Disrupting Stimulation
We finally tested the effect of noise to our model using the
unidirectional network introduced in the Transition of Sequential Activity in a Network Model section and Transition Area
Between the Low and the High Acetylcholine Levels section.
The noise was applied as a random AMPA and GABAA
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FIGURE 9.
Bidirectional symmetric network with low acetylcholine. (a) Activity of pyramidal cells after the increase of the Mcurrent conductance. Stimulation (0.2 nA, 50 ms) was given to the
first pyramidal cell. (b) Activity of pyramidal cells after the

increase of the M-current conductance. Stimulation (0.2 nA, 50
ms) was given to the last pyramidal cell. gCAN 5 0 mS cm22,
Wpp_F 5 0.015 mS, Wpp_B 5 0.015 mS. This network supported
replay-like activity for the both forward and backward directions.

synaptic input (See Methods). We adjusted the intensity of the
noise in a way that the noise itself is sufficient to elicit occasional spikes as seen in intra-cellular recordings in place cells
(Harvey et al., 2009). Because of the randomness of the noise,
we ran the simulation multiple times. In the high acetylcholine
condition, the same stimulation used in the case without noise
(220 ms, 0.1 nA; Fig. 4) initiated a slow propagation of activity similar to that without noise in 65% of trials (Fig. 11a; 13
out of 20 trials). In these simulation runs, activity always
propagated from the first (PC1) to the last cell (PC8), completing the whole sequence. In other 35% of trials (7 out of 20
trials), the slow propagation did not start at all because the first
pyramidal cell (PC1) did not start firing persistently (Fig. 11b).
We did not encounter simulation trials in which propagation
started but then stopped before reaching the last cell. The
propagation delay in the presence of the noise was on average
255.8 6 11.7 ms (n 5 13). Occasional spikes driven by the
noise were not sufficient in inducing persistent firing, and
therefore propagation of burst of spikes did not occur as seen
in Figs. 11a and b.

These simulations indicated that slightly stronger stimulation
could elicit the slow propagation more reliably. When we
tested stronger stimulations by either increasing the current
injection to 0.2 nA or the duration to 440 ms, successful propagation was observed in all 20 trials in both cases (data not
shown). When we tested stronger noise intensities, eventually
noise was strong enough to elicit slow propagation across the
network without stimulation (data not shown). It should be
noted, however, that the propagation speed and firing pattern
was still similar to the one shown in Figure 11a, indicating
that the intrinsic network dynamics for supporting slow propagation still existed when noise was stronger. Such slow propagation of activity initiated by noise might occur in vivo as well.
For example, absence of activity of specific time cells is
observed in error trials (Pastalkova et al., 2008).
In addition, we conducted simulations in the low acetylcholine condition using the same noise. Similarly to the case without noise (Fig. 6a), the same stimulation (220 ms, 0.1 nA)
could elicit a fast spike propagation (Fig. 12). Out of 20 trials,
this fast propagation was induced by the stimulation in all
Hippocampus
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FIGURE 10.
Bidirectional asymmetric network. (a) Activity of
pyramidal cells in high acetylcholine. (b) Activity of inhibitory
cells in high acetylcholine. The first pyramidal cell was stimulated
(0.1 nA, 220 ms). gCAN 5 18.8 mS cm22, Wpp_F 5 0.01 mS,
Wpp_B 5 0.0075 mS. (c) Activity of pyramidal cells in low acetyl-

choline with stimulation to the first pyramidal cell (0.1 nA, 220
ms). (d) Activity of pyramidal cells in low acetylcholine, with stimulation to the last pyramidal cell. gCAN 5 0 mS cm22,
Wpp_F 5 0.015 mS, Wpp_B 5 0.015 mS.

cases. However, unlike the simulations without noise, the propagation was often interrupted in the middle, not reaching the
last cell (Fig. 12a). The propagation reached the last cell only
in 15% of the trials (3 out of 20 trials). On average, the propagation reached the PC4. The propagation delay was
16.2 6 1.5 ms (n 5 20) resulting in a temporal compression

factor of 15.8, which is close to Lee and Wilson’s (2002) observation (20). In addition, occasional spikes induced by the
noise could also drive fast propagation of activity as depicted
in Figure 12b2. Furthermore, pyramidal cells sometimes elicited more than one spike due to the noise (Figs. 12a1 and
b1). In summary, the slow propagation of burst in high

Hippocampus
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FIGURE 11.
Effects of noise in the high acetylcholine condition in the uni-directional
chain model. (a) Activity of the pyramidal cells in a simulation trial where the slow propagation successfully reached the last cell (PC8). (b) Activity of the pyramidal cells in a simulation
trial where the slow propagation was not observed. Thick line below trace of the first pyramidal cell indicates duration of stimulus (0.1 nA, 220 ms). gCAN 5 18.8 mS cm22, Wpp_F 5 0.0085
mS, Wpp_B 5 0 mS.

acetylcholine and the fast propagation of spikes in low acetylcholine are robust to the effects of noise. In the low acetylcholine condition, the interruption of propagation, the initiation
of propagation in the middle of the full sequence, and multiple
spiking in single cells, are all in agreement with in vivo recordings during replay (Lee and Wilson, 2002).

DISCUSSION
Motivated by both theoretical and experimental evidence
which supports the role of the cholinergic system in the transmission between encoding and consolidation functions of the
hippocampus (Hasselmo, 1999; Brazhnik et al., 2003, Rasch
et al., 2006; Norimoto et al., 2012), we tested whether cholinergic modulation could switch between encoding-like and
consolidation-like hippocampal network activity. Using modulations of the CAN current conductance (Benardo and Prince,
1982a,1982b; G€ahwiler and Dreifuss, 1982) and suppression
of synaptic connections (or activity) (Hasselmo and Schnell,
1994; Vogt and Regehr, 2001; Kremin and Hasselmo, 2007),

we first demonstrated that the high-acetylcholine condition
supports neural activity that propagates relatively slowly as
observed from place cells and times cells in vivo (O’Keefe and
Recce, 1993; Skaggs et al., 1996; Pastalkova et al., 2008; MacDonald et al., 2011). On the other hand, low-acetylcholine
condition supported a fast propagation of single spikes similar
to “replay” (Wilson and McNaughton, 1994; Lee and Wilson,
2002; Foster and Wilson, 2006). Second, our simulation suggested that the transition from slow to fast propagation may
occur abruptly skipping propagation with intermediate speeds.
Third, our model with a symmetric synaptic connection
showed that the network can sustain external signals as in the
continuous attractor model of place cell (Samsonovich and
McNaughton, 1997), and support both forward and backward
replay as shown in vivo (Lee and Wilson, 2002; Dragoi and
Tonegawa, 2011).

Comparison to Other Theoretical and
Computational Studies
Hippocampal neural activity during encoding, such as place
cell and time cell activity, has been modeled based on
Hippocampus
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FIGURE 12.
Effects of noise in the low acetylcholine condition in the unidirectional chain model. (a) Activity of the pyramidal cells in a simulation trial where the fast propagation was
induced by stimulation and propagated to PC4. (a1) Activity of
pyramidal cells in the box in (a) is shown with a finer time scale.

(b) Activity of the pyramidal cells in a simulation trial where the
fast propagation reached the last cell. Thick line below trace of
the first pyramidal cell indicates duration of stimulus (0.1 nA, 220
ms). gCAN 5 0 mS cm22, Wpp_F 5 0.015 mS, Wpp_B 5 0 mS.

continuous attractor (Samsonovich and McNaughton, 1997;
Tsodyks, 1999; McNaughton et al., 2006; Itskov et al, 2011)
and oscillatory-interference dynamics (O’Keefe and Recce;
1993; O’Keefe and Burgess, 2005; Hasselmo et al, 2010).

“Replay” activity has also been modelled (Shen and McNaughton, 1996; Kali and Dayan, 2004; Cutsuridis and Hasselmo,
2011; Cutsuridis and Taxidis, 2013). However, these models
did not account for the transition between encoding and

Hippocampus
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consolidation dynamics. Hasselmo (1999) described the transition between encoding and consolidation based on the flow of
information into and out of the hippocampus in the theoretical
model. That study indicated that different degrees of presynaptic inhibitions at different synapses by high and low acetylcholine were optimal for encoding and consolidation, respectively.
However, transition of cellular activity between encoding and
consolidation was not addressed in that study. The computational models by Jensen and Lisman (2005), and Molter et al.
(2007) described both encoding-like and replay-like sequential
activity. However, activity during the encoding phase was governed by slowly varying external stimuli. Therefore, transition
of activity between encoding and consolidation stages relied on
the external stimulation rather than being switched by the
modulation of internal dynamics as in our current study. To
our knowledge, we are the first to incorporate both the modulation of the CAN current and presynaptic inhibition by acetylcholine in a computational model to address this issue. As
shown in Figure 7, inclusion of both the CAN current and
presynaptic inhibition was necessary for the model to switch
from the encoding-like activity to consolidation-like activity.

Replay During SWS and During Quiet Awaking
In vivo, “replay” is observed not only during SWS but also
during the awaking stage. This “awake replay” is suggested to
have different role than the “sleep replay,” where awake replay
supports working memory while sleep replay supports reference
memory (Jadhav et al., 2012). The majority of “awake replay”
occurs during quiet awaking when acetylcholine level is relatively low (Kametani and Kawamura, 1990). Therefore, both
awake and SWS replay might be supported by the same
dynamics change due to low acetylcholine as described in our
study. However, there is a report of reactivation of place cells
and sharp-wave during theta oscillations while the animal is
still moving (O’Neill et al., 2008). In these conditions, there
may not be enough time for the acetylcholine level to go
down. However, at least in the PFC, acetylcholine levels are
shown to change at the temporal scale of seconds (Parikh
et al., 2007). Therefore, acetylcholine concentration might be
dropping quickly even in those cases. Whether or not such
quick changes in acetylcholine concentrations occur in the hippocampus remains unknown. Alternatively, awake replay might
be supported by other mechanisms that do not require reduced
cholinergic receptor activation. In fact, our simulation indicated that fast replay-like sequential activity can occur even in
the high acetylcholine condition if synaptic strength is strong
(box E in Fig. 7a). Therefore, strong enough potentiation of
synaptic conductance, which overcomes the suppression of synaptic transmission, might allow replay like activity in high acetylcholine. It is intriguing to speculate that such a large
synaptic conductance is possible only for the duration of shortterm potentiation of synaptic conductance (Zucker and Regehr,
2002) and awake replay content is therefore useful for working
memory (Jadhav et al., 2012). In contrast, sleep replay may
rely on a longer-term potentiation of synaptic conductances
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which codes for information which does not vary from trial to
trial, therefore contributing to reference memory (Jadhav et al.,
2012). In addition, it is also possible that replay during awaking is supported by additional mechanisms we did not explore
in this study, such as the depolarization of cells which were
recently active (O’Neill et al., 2008; Diba and Buzsaki 2007;
Molter et al., 2007).

Influence of Experience-dependent Changes
While “preplay” suggests that hard-wired sequences may
exist in the hippocampus prior to experience (Dragoi and
Tonegawa, 2011, 2013), evidence also suggests that encoding
during active waking modifies the contents of replay (Wilson
and McNaughton, 1994; O’Neill et al., 2006, 2010). These
studies showed that reactivation reflects the activity during preceding waking period (Wilson and McNaughton, 1994),
including the degree of co-firing and temporal bias (sequence)
during active waking (Skaggs and McNaughton, 1996; O’Neill
et al., 2006). Such changes are thought to be supported by an
asymmetric modulation of recurrent synaptic transmissions in
CA3 (Jensen and Lisman, 1996).
On the basis of these, studies we conducted simulations with
different degrees of network asymmetricity. We first tested a
completely symmetric network (Bidirectional Symmetric Network section, Fig. 9) and then asymmetric networks (Bidirectional Asymmetric Network section, Fig. 10), which
corresponded to before and after learning, respectively. In the
high acetylcholine condition, the propagation of activity did
not occur in the completely symmetric network, but an external input could modulate the network activity. When the network became more asymmetric, slow propagation of activity
started to occur. Such a transition may be in line with the forward movement of place fields (Mehta et al., 1997) which can
be explained by a facilitated propagation of activity by developed asymmetricity. This transition is also consistent with the
fact that time cells develop with experiment (Gill et al., 2011),
assuming that symmetric to asymmetric structural change
occurs during learning. In vivo, it might be more reasonable to
assume that symmetric connections are intermixed with asymmetric connections, and these symmetric connections eventually become more asymmetric with experience to support slow
propagation of activity strongly.
In the low acetylcholine condition, symmetric network supported a fast propagation of activity in both forward and backward directions (Fig. 9), and asymmetric network supported a
fast propagation only in the forward direction (Fig. 10). Our
simulation results agree with the in vivo observations in that
both forward and backward directional replay (or preplay) can
be observed before run, but forward replay dominates after run
in slow-wave-sleep (Lee and Wilson, 2002; Dragoi and Tonegawa, 2011). In summary, our model is in agreement with the
idea that the hippocampal network that is initially less asymmetric becomes more asymmetric with experience (Jensen and
Lisman, 1996), both in high and low acetylcholine conditions.
Because the symmetric network, which represent a network
Hippocampus
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before experience, could support replay, this schime is also in
agreement with the observation of pre-play (Dragoi and Tonegawa, 2011).

Comparison With Time Cells
It has been well described that working memory tasks, during which “time cells” are observed, are dependent on an intact
cholinergic system (reviewed in Yoshida et al., 2012). It is
intriguing to speculate that slow propagation in high acetylcholine condition shown in our current article might underlie time
cell firing. Our simulation showed that the last two pyramidal
cells in the network kept firing for a longer duration than
others (e.g., Fig. 4a). This was because there was no lateral
inhibition from other cells that could inhibit the two cells at
the end of the sequence. Interestingly, similar results were
observed in vivo. The “time field” tends to be longer for the
cells that fire later in the sequence compared to those that fire
earlier in the sequence (MacDonald et al., 2011). Cells that
fire early in the sequence might be inhibited effectively by the
lateral inhibition. On the other hand, cells that fire later in the
sequence may not get as much inhibition since less cells fire
subsequently.

Evidences Supporting Switching of Internal
Dynamics
It has been well accepted that fast sequential activity of
pyramidal cells in the hippocampus during replay is supported
by the hippocampal cellular and network dynamics (Shen and
McNaughton, 1996; Kali and Dayan, 2004; Inostroza and
Born, 2013) because there is no apparent sequential sensory
input available during SWS or quiet waking. On the other
hand, it is our hypothesis that slower sequential activity during
active waking is also supported at least in part by the network
dynamics. This hypothesis is supported by some lines of
research. First, hippocampal “preplay” suggests that the
sequence of cells that will be activated in a novel environment
during active waking, is determined by a pre-existing network
structure (Dragoi and Tonegawa, 2011, 2013). This network
structure might drive both sequential firing in replay and active
waking as we have shown in our model. Second, “time cells”
observed in active waking, show relatively slow sequential activity of pyramidal cells similar to firing of place cells with overlapping place fields (Pastalkova et al., 2008; Gill et al., 2011;
MacDonald et al., 2011). Time cell firing is believed to be
generated internally within the hippocampus because time cells
are observed during the delay period of working memory tasks
when apparent external sensory input that changes with time
does not exist (Pastalkova et al., 2008; Itskov et al., 2011).
Third, the firing pattern of pyramidal cells during REM sleep,
in which acetylcholine is high, is more similar to firing pattern
during active encoding than during replay (1.5 times slower
than real time; Louie and Wilson, 2001). Similar firing patterns of place cell firing during REM sleep and active waking
suggest that high cholinergic tone in both of these conditions
may control intrinsic network dynamics regardless of sleep or
Hippocampus

awaking states. This further supports the view that intrinsic
dynamics supports relatively slow firing without apparent external sensory input during high acetylcholine.
The slow network dynamics in active waking might be crucial
for the two-stage processing to work (Yoshida et al., 2012). First,
slow temporal scale might be suited to encode sensory signals
that vary in real time. In the case of place cells, the space could
be coded with an appropriate resolution using minimum number of cells in the hippocampus. Second, intentionally slowed
dynamics would be beneficial for effective off-line consolidation.
If the fastest possible propagation speed was used for encoding,
then it would not be possible to “replay” the same sequence
faster than real-time during consolidation. Third, the slower
propagation and the longer duration of firing cause relatively
longer temporal overlap of firing of neighboring cells in the
sequence. Such an overlapped firing pattern might aid a Hebbian form of synaptic plasticity during memory encoding.

Future Directions
The two-stage model of memory consolidation suggests
that information is rapidly stored in the hippocampus and
later transferred to higher cortices during memory consolidation (Diekelmann and Born, 2010). However, it remains
unknown how exactly replay activity in the hippocampus contributes to memory consolidation. Previous modeling studies
have explored this at a systems level (Hasselmo et al., 1996;
Jensen and Lisman, 2005, Molter et al., 2007). In Hasselmo
et al., (1996), spontaneously occurring reactivation in the
CA3 recurrent network trained the neural network in the
entorhinal cortex during consolidation. This trained network
in the entorhinal cortex allowed recall of complete memory
pattern in the cortex in the subsequent recall stage. To get
insight into the role of cholinergic tone in systems consolidation, our model would need to be expanded to include multiple levels of networks from the hippocampus to higher
cortices. Such a model might be useful to understand the differential effect of induced memory reactivation during SWS
and REM sleep (Rasch et al., 2007). The absence of the effect
of induced reactivation during REM sleep might be due to
the higher threshold for the initiation of network propagation
in high acetylcholine condition. As shown in Figure 11, while
multiple spikes are required for initiating slow propagation of
activity in high cholinergic tone, single spike was sufficient to
drive fast propagation in low cholinergic tone. This should be
better tested in a sytems level simulation. Cholinergic receptor
activation induces rhythmic theta/gamma oscillations in the
hippocampal in vitro preparations (Fisahn et al., 1998; Traub
et al, 2003; Konopacki et al., 2006). Although we did not
include these oscillations in our model, spike timings of neurons are further modulated by these oscillations in vivo. Addition of the theta and gamma oscillations may support theta
phase precession (O’Keefe and Recce, 1993) in our model as
described in our earlier work (Yoshida et al., 2012). In addition to these, a larger and more realistic network should be
tested.
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