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Abstract Theta–gamma coupling in the hippocampus is

thought to be involved in cognitive processes. A large body

of research establishes that the hippocampus plays a crucial

role in the organization and maintenance of episodic

memory, and that sharp-wave ripples (SWR) contribute to

memory consolidation processes. Here, we investigated

how the local field potentials in the hippocampal CA1 area

adapted along with rats’ behavioral changes within a ses-

sion during a spatial alternation task that included a 1-s

fixation and a 1.5-s delay. We observed that, as the session

progressed, the duration from fixation onset to nose-poking

in the choice hole reduced as well as the number of pre-

mature responses during the delay. Parallel with the

behavioral transitions, the power of high gamma during the

delay period increased whereas that of low gamma

decreased later in the session. Furthermore, the strength of

theta–gamma modulation later in the session showed sig-

nificant increase as compared to earlier in the session.

Examining SWR during the reward period, we found that

the number of SWR events decreased as well as the power

in a wide frequency range during SWR events. In addition,

the correlation between SWR and gamma oscillations just

before SWR events was higher in the earlier trials than in

the later trials. Our findings support the notion that the

inputs from CA3 and entorhinal cortex play a critical role

in memory consolidation as well as in cognitive processes.

We suggest that SWR and the inputs from the two areas

serve to stabilize the task behavior and neural activities.
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Theta rhythm � Gamma oscillations � Sharp-wave ripples

Introduction

Gamma oscillations have been observed in several regions

and across species with an apparent role in cognitive pro-

cesses (Herrmann et al. 2004; Jensen et al. 2007; Fries et al.

2007; Colgin and Moser 2010). Many studies have reported

that gamma oscillations are associated with low-frequency

band activity (i.e., cross-frequency coupling; CFC) in various

areas (Rojas-Libano and Kay 2008; Tort et al. 2008; Igarashi

et al. 2013; Lopez-Azcarate et al. 2013; Zheng and Zhang

2013; van Wingerden et al. 2014), suggesting that CFC may

be a common computational mechanism in the brain (Can-

olty and Knight 2010; Buzsaki and Wang 2012; Lisman and

Jensen 2013). Although CFC has commanded considerable

attention from many researchers, it is poorly understood how

gamma-oscillations, low-frequency band activity, and their

CFC changes as a behavioral task proceeds. In the present

study, we focused on transitions in the animals’ behavior and

neural activity in a relatively short term.

We recorded neural activity in the hippocampus, which

plays a critical role in memory and learning (Squire 1992;

Eichenbaum et al. 1994). In the rat hippocampus, there is a
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remarkable low-frequency activity, the well-known ‘‘theta

rhythm.’’ It has been reported that the theta rhythm mod-

ulates gamma oscillations (Bragin et al. 1995a; Tort et al.

2008; Colgin et al. 2009; Belluscio et al. 2012) and their

CFC alters depending on the running speed (Chen et al.

2011; Ahmed and Mehta 2012) and the behavioral per-

formance (Tort et al. 2009; Shirvalkar et al. 2010). Here we

particularly focused on the CFC during a delay period,

which several studies have suggested to require the

involvement of hippocampus for successful task perfor-

mance (Ainge et al. 2007; Pastalkova et al. 2008; Takah-

ashi et al. 2009a, b; MacDonald et al. 2011).

On the other hand, hippocampal high-frequency oscil-

lation, accompanied with large-amplitude irregular activity

(sharp-wave ripples, SWR), is thought to be involved in

memory consolidation processes (Buzsaki 1986, 1989).

SWR occurs during a reward period after successful

behavior and during post-learning sleep with hippocampal

cell reactivation (Wilson and McNaughton 1994; Foster

and Wilson 2006). Selective elimination of SWR results in

memory deficits on hippocampus-dependent spatial tasks

(Girardeau et al. 2009; Jadhav et al. 2012). Furthermore, a

recent study has reported that gamma oscillations co-

occurred with SWR and might support the dynamic for-

mation of coordinated CA3 and CA1 cell assemblies (Carr

et al. 2012). It has been suggested that these activities

reflect neural mechanisms toward the updating of memory.

However, it remains unclear how the current information is

reconstructed on the basis of memory in relation to

behavioral stabilization in a short period.

To address these issues, we analyzed the local field

potentials (LFP) from the hippocampal CA1 as rats per-

formed a memory-guided spatial alternation task that inclu-

ded a 1-s fixation period and a 1.5-s delay period (Takahashi

et al. 2009a, b). Although the rats were well-trained for the

spatial choice on the alternation task, we expected that the

rats’ behavior and hippocampal activities would change

during the delay period in a behavioral session, in accordance

with recent findings that the hippocampus plays a critical role

during precisely such delayed periods (Ainge et al. 2007;

Pastalkova et al. 2008; MacDonald et al. 2011). In addition, if

SWR and gamma oscillations contribute to memory con-

solidation or behavioral stabilization, these activities should

show some transient changes within sessions, relating to the

transitions of behavior and hippocampal activities.

Methods

Experimental setup

The experimental chamber was constructed using Plexiglas

with black wallpaper to reduce the scattered reflection of

light. A head-stage was used for position tracking

(40 9 40 9 40 cm). The front wall of the chamber inclu-

ded nose-poke holes on the right and on the left, and the

reward port with a food dispenser (PD-25D; O’hara & Co.,

Ltd., Tokyo, Japan) delivered 25-mg food pellets (O’hara

& Co., Ltd., Tokyo, Japan). The rear wall included a nose-

poke hole in the center. These nose-poke holes were 2 cm

in diameter and 2 cm in depth. LEDs attached to the holes

were used as visual cues. A 0.5 s buzzer sound was pre-

sented at the time of reinforcer delivery. A CCD camera

was mounted on the ceiling of the sound-attenuating box

for monitoring and position tracking.

Four male Wistar/ST rats (weighing 280–420 g;

16–24 weeks old at the beginning of training; Japan SLC

Inc., Hamamatsu, Japan) were used as subjects. The rats

were trained on a delayed spatial memory-guided alterna-

tion task that included a 1-s fixation period and a 1.5-s

delay period (Takahashi et al. 2009a, b), as illustrated in

Fig. 1a. At the beginning of a trial, the rat had to keep nose

poking for 1 s (Fixation). After that, there was a 1.5-s delay

period. Trials continued even if the rat responded during

the delay. However, if the rat entered a choice port before

the choice cues turned on, the rat had to wait for another

second from the response. The LEDs in the choice ports

turned on immediately after the delay, and the rat had to

choose the right or left hole (alternating the choice on a

trial-by-trial basis). All events were controlled by cus-

tomized software developed with Microsoft Visual

C ?? 6.0 on a Windows-based personal computer. A daily

session lasted 60 min. The training was considered com-

plete when the rat was able to perform at an accuracy rate

of [80 % and with a total of [100 correct trials during

three consecutive sessions.

After training sessions, the rats were implanted with

14-tetrode hyperdrives (Neuro-hyperdrive; David Kopf

Instruments, Tujunga, CA) that allow independent vertical

movement of each drive (Wilson and McNaughton 1993).

The Cheetah 160 Data Acquisition System (Neuralynx,

Bozeman, MT) was used to record neural activity and

behavioral events. The hyper-drive was connected to a

headstage with 54 unity-gain preamplifiers. The neural

activity at the most prominent channel of each tetrode was

band-pass filtered (1–475 Hz), differentially amplified

(2,0009), digitized at 2 kHz, and then stored to the hard

disk as LFP data. For position tracking, the position of the

ten LEDs on the headstage was detected by a CCD camera

placed directly above the experimental chamber. The

median point of these ten LEDs was calculated and

recorded to disk at 60 Hz. The spatial sampling resolution

was such that a pixel was approximately equivalent to

1 mm. The center of the electrode bundle was positioned

for the dorsal CA1 pyramidal cell layer (3.6 mm posterior

to bregma and 2.2 mm right-lateral to midline) in
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accordance with the brain atlas (Paxinos and Watson

2005). The rats were given 5 days to recover from the

surgery before resuming the behavioral sessions. All pro-

cedures were in accordance with the U. S. National Insti-

tutes of Health guidelines for animal care and approved by

the Tamagawa University Animal Care and Use

Committee.

After all recording sessions had been completed, the rats

were deeply anesthetized with an overdose of sodium

pentobarbital (120 mg/kg, ip) and a 30-A anodal current

was passed for 5 s through one channel for each of the 12

tetrodes. The rats were then perfused transcardially, ini-

tially with normal saline, subsequently with 10 % formalin.

Coronal sections (50 m) were cut with a cryostat

(CM3050S; Leica Microsystems, Nussloch, Germany) and

stained with cresyl violet. The locations of electrode tips

and tracks in the brain were identified on the basis of a

stereotaxic atlas (Paxinos and Watson 2005).

Data analysis

To investigate how the rats’ behavior changed within a

session, we investigated the correct choice rate, the dura-

tion from fixation onset to choice response, and the number

of premature responses during the delay period. As for the

running speed of the rats, we filtered the position tracking

data with a 20-ms window, using Gaussian smoothing,

before the calculation of the running speed.

For the analysis of LFP, we used neural data during

correct trials, that is, with the appropriate alternation

choice. The frequency bands of low gamma, high gamma,

and SWR were defined as 30–45, 60–90, and 150–250 Hz,

respectively. For the first step of processing of LFP, we

eliminated the direct current offset and slow fluctuations

using MATLAB (MathWorks, Natick, MA), and the loc-

detrend function in Chronux 2.00 toolbox (Bokil et al.

2010).

We calculated the power spectrum for 1 s around the

choice and the specific peak frequency of the theta rhythm.

To examine gamma band activities around the choice

period, we calculated the power spectrogram, using a

300-ms window with 30-ms steps, before and after the rats

made a nose-poking response to the correct choice hole.

The power spectrogram was normalized by the mean and

the standard deviation of the power time series in each

behavioral session.

To examine the phase–amplitude coupling between

theta and gamma oscillations, we computed normalized

amplitude average of gamma based on theta phase in each

20� bin for 1 s around choice (positive polarity upward).

We then calculated a synchronization index (Cohen 2008),

using a 500-ms window with 50-ms steps, to quantify

strength of transient phase–amplitude coupling between the

theta rhythm and gamma oscillations around the choice

period. For the first step of processing for both analyses,

LFP was filtered to obtain the theta rhythm, which showed

a peak in the power spectrum for 1 s around choice (8–

10 Hz), and gamma oscillations. As for gamma oscilla-

tions, LFP was filtered with a narrow band-pass, with 2 Hz

steps from 30 to 100 Hz. The envelope of the narrow-band

signal was calculated after applying the Hilbert transfor-

mation, and filtered by the theta band to extract theta-

modulated components of gamma amplitude. The instan-

taneous phase of the theta rhythm uh and the envelope uc

were calculated after applying the Hilbert transformation.

The synchronization index SIhc was obtained by

Fig. 1 a Delayed spatial

alternation task. b–

d Comparison of behavior

between earlier and later trials;

b Correct performance rate for

the spatial choice. c Duration

from fixation onset to choice

response. d Number of

premature response per trial. In

all figures, error bars indicate

SEM, and ** indicates

p \ 0.005 and *** indicates

p \ 0.001 on Mann–Whitney

U test
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SIhc ¼
1

N

XN

n¼1

exp i uh nð Þ � uc nð Þ
� �� �

�����

�����

where N is the number of time-points during each time

window and i is a complex number. We converted SIhc

using the Fisher z-transformation (0.5 9 log([1 ? SIhc]/

[1 - SIhc]), with values ranging from 0 to 1 in order to

approximate a normal distribution. We then conducted

t tests to compare the values in gamma bands before and

after choice in the earlier and later trials.

We analyzed the LFP for the 10-s ITI period after the rat

chose the correct hole, and while it remained in the half

side of the box that included the reward point. SWR events

were detected when the 10-ms Gaussian filtered envelope

of the filtered LFP (150–250 Hz) exceeded the

mean ? 3SD for at least 15 ms. For the purpose of ana-

lyzing SWR associated with eating, we eliminated the data

points for which the running speed was over 4 cm/s. We

calculated SWR-triggered spectrograms using MATLAB

(MathWorks, Natick, MA) and Chronux toolbox 2.00

(Bokil et al. 2010). The window had a width of 100-ms and

moved with 10-ms steps. The padding factor was 2. The

power spectrogram was normalized at each frequency band

by the mean and standard deviation in each behavioral

session. To confirm the relationship between low gamma

and SWR in accordance with a previously-published pro-

tocol (Carr et al. 2012), we calculated the Pearson’s cor-

relation coefficient. For more detailed analysis, we

computed the amplitude-comodulation index before and

after detecting SWR events between 30 and 300 Hz

oscillations. The comodulation index was calculated by the

following formula (Masimore et al. 2004):

qij ¼
P

k Sk fið Þ � S fið Þh ið Þ Sk fj
� �
� S fj

� �� �� �

rirj

where Sk(fi) represents the spectral density at frequency fi
in time-window k, \ S(fi) [ the average spectral density

magnitude at frequency fi over all time-windows, ri the

standard deviation of the spectral density at frequency fi,

and k ranges over all the time-windows.

Results

Analysis of behavioral changes within a session

We collected data from 18 behavioral sessions (112.4 trials

per session with a standard deviation, SD, of 34.9). For the

purpose of investigating within-session dynamics of the

rats’ behavior, we used 180 trials (18 session 9 the first 10

trials) for the early period and 180 trials (18 session 9 the

last 10 trials) for the late period, and compared behavioral

measures between the earlier and the later trials. As shown

in Fig. 1b–d, we found that the rats’ behavior changed

significantly in a session even though the rats were well

trained for spatial alternation. First, we confirmed that the

correct choice rate in the later trials was higher than in

earlier trials (Fig. 1b; p \ 0.005 by Mann–Whitney U test;

0.84 ± 0.03 vs 0.93 ± 0.01; Mean ± SEM). In addition,

the duration from fixation onset to choice response

(Fig. 1c; p \ 0.005 by Mann–Whitney U test; 2.53 ± 0.19

vs 2.28 ± 0.12; Mean ± SEM) and the number of pre-

mature responses during the delay period reduced in later

trials (Fig. 1d; p \ 0.001 by Mann–Whitney U test;

0.78 ± 0.09 vs 0.28 ± 0.05; Mean ± SEM). Thus, the rats

seemed to perform the behavioral task more accurately and

quickly after adjusting during the session.

Analysis of theta rhythm and gamma oscillations

around choice

We next examined the neural activity obtained from 31

electrodes located in hippocampal CA1 area and used 310

trials (31 electrodes 9 the first 10 trials) for the early

period and 310 trials (31 electrodes 9 the last 10 trials) for

the late period. At first, we computed the power spectrum

of theta band activity for 1 s around choice. As shown in

Fig. 2a, the peak of the power for the theta rhythm was

around 9 Hz in both phases of a session, but with a sta-

tistically significant difference (Fig. 2b left; p \ 0.01 by

unpaired two tailed t test; 8.68 ± 0.05 vs 8.87 ± 0.04;

Mean ± SEM). The power of the theta rhythm (6–12 Hz)

around choice did not show a significant difference

between the early and the late trials (Fig. 2b right; p [ 0.4

by unpaired two tailed t test; 6.13 ± 0.19 vs 6.00 ± 0.16;

Mean ± SEM). Upon examining the gamma oscillations

around the choice period (Fig. 2c–e), we found that, as

compared to the later session, high gamma increased sig-

nificantly before the choice (Fig. 2d left side; p \ 0.01 by

unpaired two tailed t test; 0.46 ± 0.03 vs 0.61 ± 0.04;

Mean ± SEM) and after the choice (Fig. 2d right side;

p \ 0.01 by unpaired two tailed t test; 0.58 ± 0.03 vs

0.73 ± 0.04; Mean ± SEM), whereas low gamma showed

a significant decrease before the choice (Fig. 2e left side;

p \ 0.05 by unpaired two tailed t test; -0.09 ± 0.03 vs

-0.19 ± 0.03; Mean ± SEM) but not after the choice

(Fig. 2e right side; p [ 0.1 by unpaired two tailed t test;

0.13 ± 0.04 vs 0.05 ± 0.04; Mean ± SEM).

We next examined the phase–amplitude coupling

between theta rhythm and gamma oscillations around

choice. Figure 3a shows that high gamma was phase-

locked to the peak of the theta rhythm whereas low gamma

was phase-locked to the trough of the theta rhythm. Fur-

thermore, the modulation depth at all frequency bands was

higher in later trials than in earlier trials. We then
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computed a synchronization index, converted by a Fisher

z-transformation (ZSI), between theta band and gamma

band activities around the choice in the earlier and the later

trials (Fig. 3b). We compared the ZSI between the earlier

trials and the later trials for each time and frequency bin

(Fig. 3c). For the theta rhythm, we used an 8–10 Hz band

Fig. 2 Comparisons of theta and gamma oscillations between earlier

and later trials around choice. a Power spectrum in the theta band for

1 s around choice. Solid lines indicate the mean and colored areas

indicate SEM. b Peak frequency and mean power of the theta rhythm

(6–12 Hz) for 1 s around choice. c Power spectrogram for 3 s around

choice (±1.5 s). d, e Mean power of high gamma (60–90 Hz) and low

gamma (30–45 Hz) for 0.5 s before choice and 0.5 s after choice,

respectively. In all figures, error bars indicate SEM, and * indicates

p \ 0.05 and ** indicates p \ 0.01 by unpaired two tailed t test. HG

and LG in the figures mean high and low gamma, respectively. (Color

figure online)

Fig. 3 The dynamics of the theta phase modulation of hippocampal

gamma oscillations. a Normalized power average of gamma oscil-

lations based on the phase of theta rhythm (8–10 Hz) for 1 s around

choice (±0.5 s). The white line shows the theta phase (with positive

polarity upward). b Normalized synchronization index (NSI) for 2 s

around choice. 0 s in the horizontal axis indicates the choice timing.

c Mean ZSI of high gamma (HG; 60–90 Hz)—theta rhythm (TH;

8–10 Hz) and low gamma (LG; 30–45 Hz)—TH for 0.5 s before

choice and 0.5 s after choice, respectively. * indicates p \ 0.05 and

** indicates p \ 0.01 by unpaired two tailed t test. d Running speed

for 0.5 s before and after choice. *** indicates p \ 0.001 by Mann–

Whitney U test. In all figures, error bars indicate SEM
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filtered signal, that is, around the peak in theta band power

as according to Fig. 2a. Figure 3c shows that, compared to

the earlier trials, ZSI significantly increased in high and

low gamma bands before the choice in the later trials (high

gamma, p \ 0.01 by unpaired two tailed t test, 1.09 ± 0.01

vs 1.15 ± 0.02; low gamma, p \ 0.05 by unpaired two

tailed t test, 1.07 ± 0.02 vs 1.12 ± 0.02; mean ± SEM)

but not after the choice (high gamma, p [ 0.1 by unpaired

two tailed t test, 1.13 ± 0.01 vs 1.16 ± 0.02; low gamma,

p [ 0.4 by unpaired two tailed t test, 1.08 ± 0.02 vs

1.05 ± 0.02; Mean ± SEM).

Many studies have shown that theta rhythm, gamma

oscillations and the cross-frequency coupling change

depending on running speed (Vanderwolf 1969; Chen et al.

2011; Ahmed and Mehta 2012). Then, we investigated the

rats’ running speed around the choice period. As shown in

Fig. 3d, there was no statistical difference between the

earlier and the later trials before the choice period (p [ 0.8;

10.97 ± 0.32 vs 10.91 ± 0.33; Mean ± SEM) while the

running speed after the choice showed a significant

decrease later in the session (p \ 0.001 by Mann–Whitney

U test; 16.71 ± 0.34 vs 13.94 ± 0.36; Mean ± SEM).

Thus, the changes of the power of gamma oscillations and

the coupling strength before choice could not be explained

by the running speed.

Analysis of sharp-wave ripples and gamma oscillations

during the reward period

To investigate high and low gamma oscillations during

SWR events, we extracted SWR events and then calculated

the SWR-triggered power spectrogram following the pro-

tocol (Carr et al. 2012) as shown in Fig. 4a,b. Consistent

with their study, we observed that the power of the gamma

oscillations increased toward SWR events (Fig. 4b–d).

Furthermore, we also found that the low gamma oscilla-

tions correlated positively with SWR, again similar to the

previous study (Fig. 4e).

Subsequently, we investigated whether the neural

oscillations during SWR adapted to the behavioral transi-

tions. First, we compared the number of SWR events per

trial in the earlier and the later trials, dividing the data into

the first 10 trials and the last 10 trials in a session. As

shown in Fig. 5a, SWR events occurred more often in the

earlier trials than in the later trials (p \ 0.001 by Mann–

Whitney U test; 0.24 ± 0.01 vs 0.16 ± 0.01; Mean ±

SEM). We then examined the power difference around

SWR events between the first 10 and the last 10 times of

SWR in each session (Fig. 5b). After computing the mean

power spectrogram in the earlier and later SWRs, we cal-

culated the power difference by subtracting the mean

Fig. 4 a Examples of SWR; the upper signal was filtered between

150 and 250 Hz, the lower signal was non-filtered (1–475 Hz). A

vertical dashed line indicates the detection of SWR. b–e Results

following a previous protocol (Carr et al. 2012). b SWR-triggered

power spectrogram. 0 s on the horizontal axis represents the moment

when an SWR was detected. The right figures show the mean power

of low gamma in the SWR range (upper) and the high gamma range

(lower) over 100 ms after SWR detection. c, d Mean power of low

gamma in c and high gamma in d in each 100-ms bin. e Correlation

coefficient between SWR and low gamma. HG and LG in the figures

mean high and low gamma, respectively. Again, 0 s on the horizontal

axis represents the moment when an SWR was detected
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power in the later SWRs from that in the earlier SWRs.

Figure 5c shows that a large fraction of the mean power in

the earlier SWRs after detecting SWR events was signifi-

cantly higher than that in the later SWRs, especially in the

SWR frequency band.

To investigate how the relationship between gamma

oscillations and SWR changed within a session, we drew

the amplitude-comodulogram for 100 ms before and after

detection of SWR (Fig. 6a,b). Consistent with previous

results, the positive correlation between low gamma and

SWR increased around SWR events (Figs. 4e, 6a). Dif-

ferences in the correlation just before SWR events above

the gamma band were observed in three frequency pairs;

low gamma oscillation and wide-frequency bands, high

gamma oscillation and high frequency oscillation (HFO;

90–120 Hz), HFO and SWR (Fig. 6b). On the other hand,

just after SWR events, the correlation between low gamma

oscillation and SWR in the earlier trials was lower than in

the later trials, while the other correlations remained high

in the earlier trials.

Fig. 5 a Number of SWR events per trial in earlier trials and later

trials. *** indicates p \ 0.001 by Mann–Whitney U test. b The power

difference between earlier and later trials (subtracting the power in

later trials from that in earlier trials). 0 s on the horizontal axis

indicates the detection of an SWR. Red indicates that the power is

higher in earlier trials than in later trials. c Significance map with

statistically significant results (p \ 0.05) between earlier and later

trials by Mann–Whitney U test. Red indicates that the power is

significantly higher in earlier trials than in later trials. (Color figure

online)

Fig. 6 Comparison of amplitude comodulation between earlier and

later SWRs. The data are shown for 0.1 s before SWR detection

(panels in the left half of the figure) and for 0.1 s after SWR detection

(panels in the right half of the figure). a Amplitude comodulogram

plot. b Comodulation difference between the earlier and the later

SWRs; subtraction of comodulation index in the later SWRs from that

in the earlier SWRs. The significance map shows whether the

difference between the comodulation index in the earlier versus the

later SWRs is statistically significant. Red indicates that the comod-

ulation index in the earlier SWRs is significantly higher than in the

later SWRs; blue indicates the opposite. (Color figure online)
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Discussion

In the present study, we found that rats’ behavior during the

delay periods changed within a daily session although the

rats were well-trained for the spatial choice. Associated

with the behavioral changes, we found several types of

neural dynamics within a session: theta–gamma modula-

tion before the choice, and, during the reward period, SWR

and gamma oscillations, including in the high frequency

oscillation band.

There are two major projections from entorhinal cortex

(EC) to hippocampus. One is a part of the hippocampal

trisynaptic circuit (EC - Dentate Gyrus - CA3 - CA1)

(Andersen et al. 1969), and the other is the direct projection

from EC to CA1 through the temporoammonic pathway

(Steward and Scoville 1976). It is known that the external

inputs to the hippocampus are associated with high gamma

oscillation (60–90 Hz), whereas the internal hippocampal

signals from CA3 to CA1 are associated with low gamma

oscillation (30–45 Hz) (Bragin et al. 1995a; Colgin et al.

2009).

In line with the anatomical scheme, the increase of high

gamma around choice in the later session may reflect the

stronger input from EC, which is projected from many

cortical areas (Canto et al. 2008) and may receive the

majority of sensory information, whereas the decrease of

low gamma may be affected by the lower input from CA3,

which may be involved in pattern completion (Nakazawa

et al. 2002). On the other hand, the strength of theta–

gamma modulation increased in the majority of frequency

bands in the later trials. By examining the running speed

around the choice, we were able to confirm that at least the

changes before the choice were not due to running speed.

The increase in the coupling may be caused by synaptic

plasticity in the CA1–CA3 and CA1–EC network (Xu et al.

2013a, b), suggesting optimization of the communication

between neural groups in these regions (Fries 2005; Singer

2009). Considering the putative functional roles in the

different hippocampal areas and the behavioral changes

during the delay period as a result of adjusting to the

behavioral task (i.e. the reduction of premature responses

and reaction times), we hypothesize that the rats are able to

minimize their deliberative decision-making about which

direction they should choose (hence the decrease of low

gamma, and less energy required from CA3), and instead

focus already on the next step in processing their choice,

that is, paying attention to the relevant external stimuli (i.e.

the timing of the illumination of the choice hole; hence the

increase of high gamma, and more reliance on input from

EC).

SWR could contribute to the changes of neural activities

required for cognitive processing. SWR is thought to result

from a synchronized burst in the hippocampal CA3 region

(Buzsaki et al. 1983). It also has been shown that the

temporoammonic (TA) pathway is crucial for the consoli-

dating process (Remondes and Schuman 2004). We

observed decreasing trends of power in a wide range of

frequency bands during SWR. Interpreting this result, the

input strength from EC and CA3, and the number of acti-

vated neurons in CA1 during SWR might decrease, opti-

mizing the neural grouping with respect to the behavioral

demands. Consequently, the number of SWRs that exceed

the threshold would reduce as well. Furthermore, our

results showed that the correlation between high gamma

(which reflects input from EC) and HFO (which might be

lower frequency SWR) changed in the earlier trials as

compared to the later trials. Although our results suggest

that the input via the TA pathway is involved in memory

consolidation processes and the occurrence of SWR, sharp

wave-associated bursts increased after lesion of EC (Bragin

et al. 1995b). Thus, the interaction and the input timing

from these areas might be critical for the generation of

SWR and consolidation.

In sum, in the present study we showed how neural

activities in rat hippocampal area CA1 around the choice

point and during SWR adapted along with behavioral

changes. Our findings support the notion that the inputs

from CA3 and entorhinal cortex play a critical role in

memory consolidation as well as in cognitive processes.

Particularly, we suggest that SWR and the inputs from the

two areas serve to stabilize the task behavior and neural

activities.
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