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Dissociation between Dorsal and Ventral Hippocampal Theta
Oscillations during Decision-Making
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and Etan J. Markus!
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Hippocampal theta oscillations are postulated to support mnemonic processes in humans and rodents. Theta oscillations facilitate
encoding and spatial navigation, but to date, it has been difficult to dissociate the effects of volitional movement from the cognitive
demands of a task. Therefore, we examined whether volitional movement or cognitive demands exerted a greater modulating factor over
theta oscillations during decision-making. Given the anatomical, electrophysiological, and functional dissociations along the dorsal-
ventral axis, theta oscillations were simultaneously recorded in the dorsal and ventral hippocampus in rats trained to switch between
place and motor-response strategies.

Stark differences in theta characteristics were found between the dorsal and ventral hippocampus in frequency, power, and coherence.
Theta power increased in the dorsal, but decreased in the ventral hippocampus, during the decision-making epoch. Interestingly, the
relationship between running speed and theta power was uncoupled during the decision-making epoch, a phenomenon limited to the
dorsal hippocampus. Theta frequency increased in both the dorsal and ventral hippocampus during the decision epoch, although this
effect was greater in the dorsal hippocampus. Despite these differences, ventral hippocampal theta was responsive to the navigation task;
theta frequency, power, and coherence were all affected by cognitive demands. Theta coherence increased within the dorsal hippocampus
during the decision-making epoch on all three tasks. However, coherence selectively increased throughout the hippocampus (dorsal to
ventral) on the task with new hippocampal learning. Interestingly, most results were consistent across tasks, regardless of
hippocampal-dependent learning. These data indicate increased integration and cooperation throughout the hippocampus during

information processing.

Introduction

Hippocampal theta oscillations (4—12 Hz) (Buzséki, 2002) support
mnemonic processes (Mizumori et al., 1990; M’Harzi and Jarrard,
1992; Klimesch, 1999; O’Keefe and Burgess, 1999; Kahana et al.,
2001; Raghavachari et al., 2001; Hyman et al., 2003; Hasselmo,
2005; Diizel et al., 2010). Theta oscillations may also facilitate
decision-making. Theta power has been shown to increase at the
choice point, the purported location of cognitive functions, such
as memory retrieval and decision-making (DeCoteau et al., 2007;
Montgomery et al., 2009). Similar reports have shown increased
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dorsal hippocampal (dHipp) theta coherence at the choice point
(Montgomery et al., 2009).

In addition to cognitive/mnemonic processes (Klimesch,
1999; Diizel et al., 2010), theta oscillations are modulated by
volitional movement. Theta power is positively correlated with
running speed (Vanderwolf, 1969; Hinman et al., 2011). Whether
volitional movement or cognitive demands exert a greater mod-
ulating factor over theta oscillations is a matter of debate
(Kelemen et al., 2005; Voss et al., 2011).

Although theta oscillations are traditionally recorded in the
dHipp, anatomical (Amaral and Lavenex, 2007), electrophysio-
logical (Jung et al., 1994; Kjelstrup et al., 2008), activational
(Satvat et al., 2011; Schmidt et al., 2012), and functional (Moser
and Moser, 1998) dissociations exist along the septotemporal
(dorsal-ventral) axis. There is currently a controversial debate as
to whether the hippocampus is functionally homogenous or if
there is a spatial/memory-emotional/stress dissociation along the
septotemporal axis. Lesion studies suggest that the dHipp sup-
ports spatial functioning (Moser and Moser, 1998) and the ven-
tral hippocampus (vHipp) supports emotional processes
(Kjelstrup et al., 2008). In contrast, other studies report that spa-
tial processes are supported throughout the septotemporal axis
(de Hoz et al., 2003; Loureiro et al., 2012). This functional disso-
ciation is similarly reflected in hippocampal anatomy. The dHipp
receives visual-spatial input from the dorsal entorhinal cortex
(Dolorfo and Amaral, 1998), whereas the vHipp receives emo-
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Training paradigm. During pretraining rats were first trained on a response task (right turn). Rats were then trained on blocks of place and response trials. Place trials were cued with

aflashing light. Next rats were trained on the fixed task with no more than three consecutive trials of the same navigation strategy. After surgery and recovery, the rats were retrained on the fixed
task. Rats then commenced the novel place task. Rats were trained to run to a new place goal arm each day during the place trials, while continuing to make a right turn on the response trials. Last,
rats commenced the novel response task. Rats were trained to make a left turn (rather than a right turn) during the response trials and go to the original place arm (east arm) during the place trials.

tional information from the amygdala (Risold and Swanson,
1996). To date, few studies have simultaneously recorded theta
oscillations from the dHipp and the vHipp (but see Royer et al.,
2010; Hinman et al., 2011; Patel et al., 2012). No study, to our
knowledge, has done so in rats trained on different spatial tasks.

We simultaneously recorded from the dHipp and the vHipp
in rats trained to continuously switch between place and response
strategies. dHipp lesions affected performance during place, but
not response, trials (Jacobson et al., 2012). Several consistent
dissociations were noted along the septotemporal axis across
tasks. The relationship between theta power and running speed
decoupled in the dHipp during the decision epoch, but not in the
vHipp. Theta power increased during the decision epoch in the
dHipp, but decreased in the vHipp. This effect was strongest
when learning the daily task and decreased as the task was ac-
quired. dHipp and vHipp theta frequency increased during the
decision epoch, though the effect was greater in the dHipp. Theta
coherence increased within the dHipp during the decision epoch
on all tasks. In contrast, theta coherence only increased all along
the septotemporal axis on the task with new hippocampal
learning.

Materials and Methods

Subjects. Eight male Fisher 344 rats (Harlan) 8.0 = 1.0 (mean * SEM)
months old at the start of training were used. Rats were housed in a
vivarium maintained at ~22°C and kept on a 12 h light/dark cycle. Rats
were housed individually in clear Plexiglas cages (46 X 20 X 23 cm) with
pine bedding and ad libitum access to water. Rats were maintained at
~85% of their ad libitum weight during the experiment. All procedures
were performed in accordance with the University of Connecticut’s In-
stitutional Animal Care and Use Committee.

Apparatus. A black Plexiglas runway (120.7 X 10.2 cm) was used for
pretraining. Training and recording were on a modified version of the
plus maze. The plus maze was constructed of black Plexiglas (112.4 cm
long, 10.8 cm wide, 15.9 cm off the table). Four moveable black Plexiglas
runways were constructed to form a perimeter around the plus maze.

Runway pretraining. Rats were trained to run back and forth on a linear
runway for chocolate sprinkle rewards daily for 10 d. The daily training
sessions continued up to 10 min on the maze or until the rat completed
10 trials in 5 min.

Behavioral procedure. Fach training session consisted of 32 correct
trials or 20 min, whichever came first, for the rats implanted in dorsal
hippocampus only (n = 4) and 40 correct trials or 30 min for the rats
implanted in both dorsal and ventral hippocampus (n = 4). Training
continued until a criterion of 2 consecutive days at 80% correct was
reached (random chance was 33%), after which the rat proceeded to the
next training paradigm.

Fixed place (spatial reference memory) and response task (Fixed Task).
Training procedures were as described by Schmidt et al. (2009) and
Jacobson et al. (2012). Rats were initially trained on a response task
(“right turn”) (Fig. 1). Each trial ended after the rat entered a maze arm,

whether or not a correct choice was made. Perimeter runways connecting
the arms were raised providing a path to the next start location (if an
error was made, the rat was guided to the original start arm to repeat the
trial until successful). Once the rat reached criterion for response train-
ing, the place strategy was introduced (Fig. 1). During place and response
block training the sessions were broken up approximately into half-
place/half-response blocks (~16 trials each), such that animals switched
strategies one or two times. Again, during the response block, rats were
rewarded for making a right turn on the maze. During the place-block
trials (spatial reference memory) rats were rewarded for going to the
same “place” (east arm) regardless of the start arm. The place trials were
differentiated from the response trials by a flashing light, situated on
the ceiling, flashing for the duration of the place trials (the light did not
cue the correct goal arm, only trial strategy). Training continued until the
rat reached criterion (2 consecutive days at 80% correct for each trial
type), after which the rat commenced training on the fixed task. During
the fixed task, each rat was given a similar number of place and response
trials within a session. However, the place and response trials were inter-
woven with no more than three consecutive trials of either navigational
strategy. Once rats reached criterion they were trained 2-3 times per
week until surgery. Rats were given one week to recover from surgery,
after which neural recordings commenced. The rats were tested on the
fixed task for 1-3 d past criterion. Neural data analyzed was limited to
criterion days. All rats were subsequently trained on the novel place task.

Novel place (spatial working memory) and fixed response task (Novel
Place Task). Rats were trained to run to a new place goal arm (north,
south, east, west) each day during the place trials, while continuing to
make a right turn during the response trials (Fig. 1). Daily goal arms were
pseudo-randomly assigned. At the start of each training session, the rat
was placed at the end of the designated goal arm, while blocked from the
rest of the maze, for ~30 s with the flashing light on and a full cup of
chocolate sprinkle reward. After the exposure, the perimeter arms were
raised and the rat was guided to the start arm. Each rat was given a similar
number of place and response trials within a session. The place and
response trials were interwoven with no more than three consecutive
trials of either navigational strategy. Previous studies have demonstrated
that this task is particularly difficult (Schmidt et al., 2009; Jacobson et al.,
2012). Given the difficulty, the place-trial criterion was reduced to 2
consecutive days of 60% correct (although still above chance, 33%),
whereas the response criterion was maintained at 80% correct. Rats were
trained to criterion, plus an additional 1-3 d of criterion days. Learning
the “novel place” is considered hippocampal-dependent; Jacobson et al.
(2012) showed that hippocampus lesioned rats were impaired on place
trials. Neural recordings were taken throughout testing; however, data
analysis was limited to learning acquisition (first 3 d of recording) and
criterion (3-5 d of criterion recordings).

Novel response and fixed (original) place task (Novel Response Task).
Rats were trained similarly as the novel place task. However, rats were
trained to make a new response, a left-hand turn (Fig. 1) during response
trials, while continuing to go to the original place arm (east arm) during
place trials. As before, each rat was given a similar number of place and
response trials within a session. The place and response trials were inter-
woven with no more than three consecutive trials of either navigational
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Figure2. Trial analysis. a, Each trial was separated into three segments: waiting at the start
arm, running to the goal arm (purported decision-making epoch of the maze) and running to
the start arm (control epoch). b, Trials were categorized by navigation strategy (place [black
arrow] or response [white arrow] trials) and trial difficulty (competitive/cooperative). On a
competitive trial place and response strategies indicated different goal locations. On a cooper-
ative trial both place and response strategies indicated the same goal location.

strategy. Training continued until each rat reached criterion (2 consecu-
tive days at 80% correct for both trial types) and 1-3 subsequent criterion
days. Learning the novel response is considered hippocampal-indepen-
dent; Jacobson et al. (2012) showed that hippocampus lesioned rats per-
formed better than control-lesioned rats. Neural recordings were taken
throughout testing; however, data analysis was limited to learning acqui-
sition (first 3 d of recording) and criterion (35 d of criterion recordings).

Maze performance analysis. Data collected during 3-5 d of criterion
performance (“criterion”) on all three tasks were used for analysis. Ad-
ditionally, the first 3 d of learning (“acquisition”) were used on the novel
place task and the novel response task. Each trial was broken into seg-
ments: running to the start arm (control epoch), waiting at the start arm,
and running to the goal arm (purported decision-making epoch) (Fig.
2a). The configuration of the plus maze allowed for a trial analysis based
on trial difficulty: competitive/cooperative (Schmidt et al., 2009, 2013;
Jacobson et al., 2012). On a “cooperative trial” either navigation strategy
(place or response) would lead to the correct goal arm. For example, a rat
that started from the south arm could use a place strategy, which would
lead to the east arm, or a response strategy and make a right turn also
ending on the east arm. On a “competitive trial”, the two navigation
strategies lead to different goal arms (Fig. 2b).

Surgery. The rats were anesthetized with ketamine/xylazine anesthesia
(i.m., 50 mg/kg ketamine, 1 mg/kg acepromazine, and 5 mg/kg xylazine)
4 mg/kg, and placed in a stereotaxic apparatus (ASI Instruments). The
scalp was shaved and betadine was applied to the scalp and ophthalmic
ointment to the eyes. An incision was made in the scalp and several small
anchor screws were fastened to the skull. Two electrode arrays (50 um
tungsten wires; California Fine Wire) were implanted into the ipsilateral
dorsal hippocampus (A/P —3.5/, L/M 2.5, D/V 2.5) and ventral hip-
pocampus (A/P —5.5/, LIM 5.5, D/V 6.0) according to Paxinos and
Watson (1986). Four rats were implanted with electrodes in dorsal hip-
pocampus and four rats were implanted with electrodes in both dorsal
and ventral hippocampus (Fig. 3a). Electrodes comprised four wires and
were spaced evenly along the medial-lateral axis and cut at a slight angle.
The electrodes were targeted to CA1. The same electrodes were used for
all analyses. Two ground screws were placed over the cerebellum to use as
reference. Rats received the analgesic Metacam 1 mg/kg (oral) after sur-
gery and for the following 2 d. After surgery, the rats were given penicillin
G procaine (i.m.) to prevent infection. The animals were placed in a clean
cage with a heating pad until ambulatory, after which they were single
housed in clean cages with bedding. The animals were allowed one week
to recover before recording.
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Recordings. Wide-band electrical activity was recorded (1-2000 Hz,
3787 samples/s) (Fig. 3b) using Neuralynx Data Acquisition System.
Light-emitting diodes attached to the headstage were tracked with an
overhead camera (33 samples/s) and monitored with the Neuralynx
Video Tracker. Data were selected and analyzed off-line. All data were
initially inspected visually (Neuraview, Neuralynx) to remove any seg-
ments of bad signal (e.g., due to a loose connection, bumping head). All
signal analysis was conducted using custom-written programs in MatLab
(Mathworks).

Data were then segmented using Neuralynx Video Tracker File Play-
back and Event Session Splitter to select specific behavioral epochs. As
mentioned, each trial was broken into segments, running to the start arm
(control epoch), waiting at the start arm, and running to the goal arm
(purported decision-making epoch) (Fig. 2a), and truncated into 1.5 s
segments. Running speed for each trial was calculated as the positional
difference between successive tracking samples and then low-pass fil-
tered (cutoff = 0.25 Hz) to minimize the contribution of head move-
ments and movement artifacts to the overall speed. Power spectral
density estimates were obtained in MatLab using Welch’s averaged mod-
ified periodogram method (Welch, 1967) (Fig. 3¢). Each session was then
blocked and power and frequency estimates were obtained for each seg-
ment of every trial. Power estimates were obtained for the theta band
(6—10 Hz) and represented as decibels (dB) relative to 1 uV (Fig. 3e,f).
Instantaneous frequency was determined by calculating the change in
phase divided by the change in time between each sample (Hinman et al.,
2011).

Coherence values were taken from segments of each behavioral epoch
concatenated into a single continuous string of data (Sabolek et al., 2009;
Hinmanetal., 2011, 2013; Penley et al., 2012). To accomplish this, a cross
fading procedure was applied where the first and last 100 ms of each data
segment was ramped or faded respectively with a smooth B-spline win-
dow with continuous second-order derivates (Roark and Escabi, 1999).
Adjacent start and end blocks from subsequent segments were then over-
lapped and morphed by adding the signals overlapping the ramp and
fade regions.

Coherence values (Bullock et al., 1990) for each channel pair were
computed using the Welch periodogram estimation procedure with a
spectral resolution of ~ 2 Hz. Coherence is a measure of the linear
association between two signals as a function of the frequency. The co-
herence [ny(w)] between two signals, x and y, is equivalent to the cross-
spectrogram [P, (w)] magnitude normalized by the averaged power
spectrum of the individual signals [P, (w) and P, (w)]. To ensure that
that measured coherence values are not due to chance alone, a signifi-
cance estimation procedure was devised in which the coherence estimate
was compared with that of signals with identical magnitude spectrum but
with zero phase coherence. For each channel pair, the cumulative distri-
bution of the frequency-dependent coherence values is created by circu-
larly phase shifting one signal in the pair by a random amount,
calculating the coherence for the shifted signals, and bootstrapping the
procedure 250 times (Efron and Tibshirani, 1993). This procedure guar-
antees that the signal spectrums are identical but have no linear associa-
tion, because the phase or time information has been removed. The
coherence distribution is used to determine a threshold for each fre-
quency band (2 Hz resolution), below which 95% of the shifted null
hypothesis coherence values fell. Only regions of the nonshuffled signal
coherences falling above the 95% threshold were considered significant
(Sabolek et al., 2009; Hinman et al., 2011, 2013; Penley et al., 2012). For
each channel pair, the statistically significant area in the theta (6—10 Hz)
band was calculated, and normalized by the frequency range (expressed
as average coherence value per Hz). Average coherence values were nor-
malized relative to the observed maximum for each frequency range,
determined by calculating the significant areas in each frequency range
for a channel pair where both elements of the pair are the same channel
(C?_. = 1.0atall frequencies). The resulting normalized coherence value
falls between 0 and 1 (Fig. 3d).

Histology. Rats were perfused and examined for verification of elec-
trode locations. Rats were killed in a carbon dioxide chamber and tran-
scardially perfused with 100 ml of saline followed by 400 ml of 4% fresh
paraformaldehyde and 0.2% glutaraldehyde dissolved in 0.1 M PB. The
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(Fixed Task) included hippocampal-
dependent spatial reference memory (east
arm) and hippocampal-independent
(right turn) trials. The novel place and
fixed response task (Novel Place) in-
cluded hippocampal-dependent spatial
working memory (new goal arm each day)
and hippocampal-independent (right
turn) trials. The novel response and fixed
place task (Novel Response) included
hippocampal-dependent spatial reference
memory (again the east goal arm)
and hippocampal-independent learning
(novel response, left turn) trials. To disso-
ciate the effects of running speed on theta
power, all three tasks encompassed two
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a, Example placements of dHipp (left) and vHipp (right) electrodes. b, Example trace of dHipp (top) and vHipp
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31 & executing the correct trajectory for a given
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able to the next start position.

(bottom) raw signal. ¢, Power spectrum density of dHipp (black) and vHipp (gray) electrodes. d, Coherence spectrum between

dHipp and vHipp electrodes. Normalized coherence was calculated as more than the 95% of shuffled signals (horizontal line; see
Materials and Methods). e, f, Examples of power spectrogram of dHipp (e) and vHipp (f) segmented into the control, waiting, and

decision epochs.

brains were removed and stored in fixative overnight. The brains were
placed in a 30% sucrose solution for 3 d. The brains were frozen and
coronally sliced at 60 wm on cryostat and stained with thionin.

Statistics. To examine the relationship between theta power and run-
ning speed a correlation (Pearson’s ) was used. A paired ¢ test was used to
assess within structure differences between running speed, theta power,
frequency, and coherence during decision-making and the control ep-
och. All trial types (place and response trials) were collapsed for speed
analyses, correlations, and changes in theta frequency, power, and coher-
ence. A two-sampled ¢ test was used to assess between structure differ-
ences. Last, to assess the effects of different cognitive variable of the task
alinear regression was fit with maze location (control vs decision epochs)
and running speed as explanatory variables. Subsequent 3 values were
compared with 0 with a paired t test. There were some effects of task
manipulations as the animals were preparing to initiate a response (sitting
epoch). These data were separate by navigation strategy (place and re-
sponse), trial difficulty (competitive and cooperative) or trial accuracy (cor-
rect and errors).

Results

Analyses were made from electrodeslocated in CA1 layer stratum
radiatum. One rat had a placement in the molecular layer of the
dorsal dentate gyrus and a separate rat in the ventral dentate
gyrus; given that no differences were found, the data were col-
lapsed. Recordings were made from all animals on all paradigms.
However, the signal degraded in three of the animals on the novel
response task (last task) and their data were not used.

Comparison of trial segments and tasks

The animals performed three tasks that differed in the amount of
hippocampal dependence (Jacobson et al., 2012), most notably
that lesions to the hippocampus affected performance during
place, but not response trials. The fixed place and response task

Theta frequency

Previous studies have shown changes in
theta frequency with experience and envi-
ronmental novelty independent of run-
ning speed (Jeewajee et al., 2008). Therefore, we first examined
differences in peak theta frequency along the septotemporal axis
and the effects of cognitive demands.

Fixed task

There was a trend for a higher peak theta frequency in the
dHipp than vHipp (¢4, = 1.99, p = 0.052) (Fig. 4a). Addi-
tionally, peak theta frequency increased during the decision
(compared with the control) epoch in both the dHipp (¢, =
5.11, p < 0.001) and vHipp (¢, = 3.11, p < 0.01). This effect
was similar between the dHipp and vHipp (¢,,, = 1.18, p > 0.10)
(Fig. 4a). A linear regression was fit for theta frequency with maze
location (control/decision) and running speed as explanatory
variables. The regression revealed that both maze location (8 =
0.232, p < 0.05) and running speed (B = 0.465, p < 0.001)
modulated dHipp theta frequency. In contrast, though maze lo-
cation had a modulatory effect in the vHipp (8 = 0.319, p <
0.05), there was only a trend for speed (B = 0.297, p = 0.065).

Novel place task

Peak theta frequency was greater in the dHipp than the vHipp
(tgsy = 4.12,p < 0.001) (Fig. 4b). Peak theta frequency increased
during the decision epoch in the dHipp (55, = 8.68, p < 0.001)
and a trend was seen in the vHipp (¢;0) = 2.01, p = 0.053). The
dHipp had a greater change in peak frequency during the decision
epoch than the vHipp (t4s, = 2.95, p < 0.01) (Fig. 4b). The
regression analysis suggest, again, that both maze location (8 =
0.402, p < 0.001) and running speed (8 = 0.355, p < 0.001)
modulated dHipp theta frequency. In contrast to the dHipp and
the fixed task, speed modulated frequency in the vHipp (8 =
0.317, p < 0.05), whereas, the maze location did not (3 = 0.202,
p = 0.099).
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We found consistent changes in theta Figure5. a,c¢ e, Average running speed during the control and decision epochs in rats trained on the fixed task (a), novel place

frequency regardless of whether the run-
ning speeds were similar or different be-
tween behavioral epochs across tasks (see
below). These changes were seen indepen-
dent of new learning (i.e., even in the fixed
task), suggesting that the effects were the
result of the cognitive demands of the task and not new learning
or novelty. Similar to Jeewajee et al. (2008), we found that the
change in dHipp theta frequency could be dissociated from run-
ning speed. The cognitive demands of the task exerted a greater
affect on changes in dHipp frequency than running speed;
though vHipp theta frequency proved to be more variable.

0.01,***p < 0.001.

Speed modulation of dorsal and ventral theta

Theta oscillations are modulated by both volitional movement
and mnemonic processes (Raghavachari et al., 2001; Kelemen et
al., 2005; Shin, 2011; Voss et al., 2011; Kaplan et al., 2012). Theta
power is positively correlated with running speed (Vanderwolf,
1969; Steward and Vanderwolf, 1987; Hinman et al., 2011). Sim-
ilarly, dHipp theta power has been shown to be modulated at the
choice point on a hippocampal-dependent spatial alternation
task (Montgomery et al., 2009). To dissociate the effects of voli-
tional movement and cognitive demands on theta power, the
correlation values between running speed and theta power were
examined during the decision and control epochs of the maze for
each training session (Fig. 5).

task (c), and novel response task (e). Correlation values (r values) between theta power and running speed in the dHipp and the
vHipp during the control epoch and decision epoch. Theta power was positively correlated with running speed in both the dHipp
and the vHipp on the fixed task (b). d, f, However, the relationship between running speed and theta power was decoupled during
the decision-making epoch in the dHipp on the novel place task (d) and novel response task (F). *p = 0.07, *p < 0.05, **p <

Fixed task

In accord with previous studies, theta power and running speed
were correlated. This was seen in both the dHipp and the vHipp
during the control (dHipp ;5 = 3.16, p < 0.01; VHipp (5, =
3.91, p <0.01) and decision epoch (dHipp #(3, = 2.49, p < 0.05;
vHipp t,,) = 5.48, p < 0.001) (Fig. 5b). Examining the correla-
tion values between the control and decision epochs revealed no
differences in the vHipp (t,,y = —1.12, p > 0.10). However,
there was a trend for a reduced correlation in the dHipp (t55) =
1.88, p = 0.07), despite the fact that rats ran faster during the
decision epoch (t3, = 3.65, p < 0.001) (Fig. 5a,b). The results
held true when the correlation values were transformed with a
Fishers r-to-z transformation (data not shown).

Novel place task

Running speed and theta power were correlated in both the
dHipp ((s5) = 5.04, p < 0.001) and vHipp (t;5, = 5.73, p <
0.001) during the control epoch. This was also the case in the
VHipp (t30) = 9.27, p < 0.001), but not dHipp (55, = 1.07,p >
0.10), during the decision epoch (Fig. 5d). Examining the corre-
lation values between the control and decision epochs revealed
that the relationship between dHipp theta power and running
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speed was significantly reduced during the decision epoch (fss, =
2.63, p < 0.05). However, no differences were seen between the
control and decision epochs in vHipp theta (¢59, = —0.96, p >
0.10). The results held true with the Fishers r-to-z transformation
(data not shown). This dissociation was seen despite no differ-
ences in running speed between the decision and control epoch
(t(s5y = 0.30, p > 0.10) (Fig. 5¢). The data suggest that the rela-
tionship between running speed and hippocampal theta power
“uncoupled” during the decision-making epoch, but this effect
was specific to the dHipp.

Novel response task

In accord with the previous two tasks, running speed and theta
power were correlated in both the dHipp ((,9, = 2.19, p < 0.05)
and vHipp (5 = 4.57, p < 0.001) during the control epoch.
This was also seen in the vHipp (t,5) = 9.94, p < 0.001) during
the decision epoch (Fig. 5f), but not the dHipp (#,5, = —0.79,
p > 0.05). Similar to the novel place task, the relationship be-
tween running speed and theta power was significantly reduced
during the decision epoch in the dHipp () = 3.38, p <
0.01). In contrast, the relationship between running speed and
vHipp theta power was greater during the decision epoch (t(,5, =
—1.87, p < 0.05). The results held true with the Fishers r-to-z
transformation (data not shown). Again, these effects were seen
despite no differences in running speed (,9) = 1.73, p > 0.09)
(Fig. 5e). Similar to the novel place task, the relationship between
running speed and theta power uncoupled in the dHipp during
decision-making.

Even though theta power is correlated with the animal’s run-
ning speed, it is also influenced by other factors. The current
results revealed that the influence of mnemonic processes on
dHipp theta power can be dissociated from volitional movement,
an effect that was relatively consistent across tasks. Processes re-
lated to decision-making/planning and/or executing the correct
trajectory contributed to an equal or greater degree as speed to
theta in the dHipp.

Increased theta power during decision-making

Previous studies have shown increased dHipp theta power during
decision-making (Montgomery et al., 2009). Given the reported
functional dissociations along the septotemporal axis (Fanselow
and Dong, 2010), we examined whether this relationship was
uniform between the dorsal and ventral hippocampus.

Fixed task
Theta power increased within the dHipp during the decision,
compared with the control, epoch (¢, = 3.12, p < 0.01); in
contrast, vHipp theta power decreased during the decision epoch
(t17y = —2.67, p < 0.05) (Fig. 6a). The change in theta power
during the decision epoch was greater in the dHipp than vHipp
(ta7) = 3.90, p < 0.001). This was a consistent effect seen across
rats and days. The theta power ratio (decision epoch theta power/
control epoch theta power) was plotted against the running speed
ratio (decision epoch running speed/control epoch running
speed) (Fig. 6b). dHipp theta power consistently increased during
the decision epoch (most points above the 1.0 horizontal axis),
even when animals ran at the same speed or slower than the
control epoch (points distributed on the left of the 1.0 vertical
axis). In contrast, vHipp theta power decreased during the deci-
sion epoch regardless of the change in speed (most points below
the 1.0 horizontal axis).

To further examine whether volitional movement can be dis-
sociated from the cognitive demands of the task on theta power,
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alinear regression was fit with running speed and maze locations/
segment (control vs decision epoch) as explanatory variables
(Fig. 6¢). Both running speed (8 = 0.11; t55) = 3.68, p < 0.001)
and maze segment (8 = 0.19; t 55y = 5.30, p < 0.001) modulated
theta power in the dHipp. However, there was a trend for maze
segment to have a greater effect than running speed (t59) = 1.94,
p = 0.06). Though speed modulated vHipp theta power (8 =
0.24; t(,,, = 7.70, p < 0.001), maze segment had a reverse effect
(B = —0.12; t,;) = —2.99, p < 0.01). In contrast to the dHipp,
running speed had a greater effect than maze segment on vHipp
theta power (t(,,, = —9.0, p < 0.001).

Novel place task

Similar to the fixed task, dHipp theta power increased during the
decision epoch (t;5 = 9.37, p < 0.001) (Fig. 6d), despite no
differences in running speed (see above). Interestingly, this in-
crease was greater for the novel place task than the fixed task (# 45, =
3.34,p < 0.01). In contrast, there was a trend for decreased vHipp
theta power during the decision epoch (.55, = —1.95, p = 0.06)
(Fig. 6d). When compared, the change in theta power during the
decision epoch was greater in the dHipp than the vHipp (¢35, =
7.3, p < 0.001). Again, this was a consistent effect across animals
and days (Fig. 6e), despite no differences in running speed (points
evenly distributed across the 1.0 vertical axis).

A linear regression was fit with running speed and maze loca-
tions as explanatory variables (Fig. 6f). Though both running
speed (B = 0.10; 55y = 5.91, p < 0.001) and maze location
modulated dHipp theta power (B8 = 0.31; 55 = 13.11, p <
0.001), maze location had a greater effect (.55, = 7.18, p < 0.001).
The lower running speed S values in the dHipp could similarly
reflect the uncoupling between running speed and theta power
during decision-making. Again, speed modulated theta power in
the vHipp (B = 0.24; t(39) = 9.19, p < 0.001), but maze segment
had the opposite effect (8 = —0.10; ¢35, = —2.16, p < 0.05). In
contrast to the dHipp, running speed had a greater effect than
maze segment on VHipp theta power (t;,, = —7.82, p < 0.001).

Novel response task

Similar to the previous two tasks, dHipp theta power increased
during the decision epoch (t,9, = 7.71, p < 0.001) (Fig. 6g),
despite similar running speeds (see above). This increase was
greater for the novel response task than the fixed task (ts9) =
3.23, p < 0.01), but did not differ from the novel place task
(tgay = —0.15, p > 0.10). Theta power decreased in the vHipp
during the decision epoch (t,5 = —5.22, p < 0.001) (Fig. 6g).
The change in theta power during the decision epoch was greater
in the dHipp than vHipp (¢(54) = 9.1, p < 0.001). Again, change in
theta power was consistent across rats and days (Fig. 6h).

A linear regression was fit with running speed and maze loca-
tions as explanatory variables (Fig. 67). Running speed did not
modulate dHipp theta power (8 = 0.04; ,9) = 0.92, p > 0.10)
though maze segment did (8 = 0.33; t,9) = 9.93, p < 0.001). As
expected, maze location had a greater effect than running speed
on theta power (t,9y = 6.17, p < 0.001). Similar to the novel place
task, running speed modulated vHipp theta power (8 = 0.21; £,5) =
9.54, p < 0.001), whereas maze had the opposite effect (8 =
—0.17; t55) = —5.3, p < 0.001). Running speed had a greater
effect on vHipp theta power than maze location (¢(,5, = —10.46,
p < 0.001). Again, the lower 3 values in the dHipp could reflect
the dissociation between running speed and theta power during
decision-making.

The results demonstrated that dHipp and vHipp theta power
were consistently modulated, albeit in an opposite manner,



6218 - J. Neurosci., April 3, 2013 - 33(14):6212— 6224

Schmidt et al. @ Dissociation between Dorsal and Ventral Theta

Fixed Task Novel Place Task Novel Response Task
a d *okk g * %k %
2 2 4 2
* ¥k ok k
@ 1.5 - *kk @ 15 - @ 1.5 -
z z z
g 1 g 1- g 1
2 . S 3
o o (=]
& 0.5 - - a 0.5 - & 05 -
b 8 8
Q [ [
£ 0 £ 0 - £ 0
£ £ £
505 - 505 - R 505 - -
1
1 * 1 - *kk
b 1.15 € 115 h 1.15
1.1 ol 1.1 .
p 11 ° 5 e ofe
*e . 1.05 \ . 1.05
g 105 ) SR g > # 2 oo 1
8 1 = '&," g 1 |mmt S g 1
: . : : oo
&£ 0.95 . N £ 0.95 L 0.95 o e
D @ [«>]
0.9 0.9 0.9
0.85 0.85 0.85
05 0.75 1 125 15 05 0.75 1 125 15 05 0.75 1 125 15
Running Speed Ratio Running Speed Ratio Running Speed Ratio
c f i
° ¥ ® ¥ i k-]
o * o ] *
- = ] . 57 Eoo
(] * * [} * *
* *
s * % é * H § ¢ %
5 * k= )k
g : B Q.*: g " p— E g ; :_” T
= - =
0.4 0.2 0 0.2 0.4 0.4 0.2 0 0.2 0.4 0.4 0.2 0 0.2 0.4
B Values Beta Values B Values
Figure 6. Dissociation between dHipp and vHipp theta power during decision-making. dHipp theta power increased during the decision epoch of the maze. In contrast, theta power decreased

in the vHipp during the decision epoch. a, d, g, These effects were consistently seen on the fixed task (a), novel place task (d), and novel response task (g). b, e, h, For each day of each rat the theta
power ratio (decision epoch theta power/control epoch theta power) was plotted against the running speed ratio (decision epoch running speed/control epoch running speed) for the fixed task (b),
novel place task (e), and novel response task (h). The 3 values for maze segment occupied (location) and running speed are plotted for both the dHipp and the vHipp. Both maze location
(decision vs control epoch) and running speed modulated theta power in the dHipp, though maze location consistently had a greater modulating effect. This was also the case in the
vHipp, though maze location had the opposite effect. ¢, f, i, These effects were consistently seen on the fixed task (c), novel place task (f), novel response task (). *p = 0.06, *p < 0.05,

**p < 0,01, *%p < 0.001.

across tasks. Montgomery et al. (2009) has previously shown in-
creased theta power during the decision epoch in rats trained on
a spatial alternation task. In contrast, this study did not require
the rats to retrieve the previous trial for successful performance,
suggesting that the changes in theta power reflected global
decision-making processes that could be dissociated from trial by
trial encoding/retrieval processes. Interestingly, theta power was
greater during decision-making on the tasks with new learning
(novel place and novel response) than the well trained task (fixed
task). Whether this was an effect of learning or task difficulty is
unclear. However, the different hippocampal dependence of the
three tasks suggests that the changes in theta power did not
strictly reflect hippocampal-dependent information processes.

Theta coherence during the decision epoch

Theta coherence within the dHipp increases during decision-
making (Montgomery et al., 2009). We examined whether this
relationship was similar along the septotemporal axis. Significant
normalized theta coherence was calculated as the area within a
specific frequency band that fell above the 95% confidence inter-
val (see Materials and Methods). Theta coherence was measured

between electrode pairs within the dHipp, within the vHipp, and
between the dHipp and the vHipp.

Fixed task

Theta coherence was greater within dHipp electrode pairs during
the decision epoch than the control epoch (.50, = 2.27, p < 0.05)
(Fig. 7a). However, this effect was not seen within vHipp elec-
trode pairs (¢, = 1.25, p > 0.10), nor between dHipp and
vHipp electrode pairs (t,,) = 0.93, p > 0.10).

Novel place task

Unlike the fixed task, where theta coherence increased solely in
the dHipp, during the novel place task, theta coherence increased
during the decision epoch within dHipp electrode pairs (¢5,, =
4.89, p < 0.001), within vHipp electrode pairs (¢, = 2.98, p <
0.01), and between dHipp and vHipp electrode pairs (.50, = 2.31,
p < 0.05) (Fig. 7b).

Novel response task

Similar to the fixed task, theta coherence increased only within
dHipp electrode pairs (f.,9) = 2.95, p < 0.01), with a trend for an
increase within vHipp electrode pairs (¢,5 = 1.97, p = 0.06).
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However, no differences in theta coherence were seen between
dHipp and vHipp electrode pairs (¢,5, = 0.84, p > 0.10) (Fig. 7c).

Effect of learning

In all three tasks, performance improved over the course of the
recording session (over trials), even at asymptotic performance.
This improvement occurred despite a presumed decrease in mo-
tivation as the animal satiated and tired. The novel place task and
the novel response task were taught after electrode implantation,
permitting analysis during learning (acquisition) and at asymp-
totic performance (criterion) (see Materials and Methods).
Given that theta power is modulated during learning (Masuoka
et al., 2006; Tort et al., 2009), we examined changes in theta
power within (first 10 trials vs the last 10 trials) and across record-
ing sessions.

Fixed task
Though trained extensively and at asymptotic levels, perfor-
mance varied within the daily recording session. Rats were more
accurate on the last 10 trials of the recording session than the first
10 trials (f5, = 6.04, p < 0.001) (Fig. 8a), despite no differences
in running speed within the recording session (first 10 vs last 10
trials) (t;0y = 0.74, p > 0.10). In contrast, running speed was
greater during the decision epoch on the first 10 trials (¢4 =
2.61, p < 0.05) and a trend for an increase in the last 10 trials
(tz0) = 1.94, p = 0.06) (Fig. 8b). dHipp theta power increased
during the decision epoch in both the first 10 trials (55 = 5.16,
P <<0.001) and last 10 trials of the recording session (5o, = 2.48,
p < 0.05) (Fig. 8¢c). The change in theta power (increase) was
similar across the first and last 10 trials (¢35, = 1.40, p > 0.10).
In the vHipp, theta power was similar between the control and
decision epochs during the first 10 trials (¢,,, = 0.24, p > 0.10),
however theta power decreased during the last 10 trials (t,,, =
—3.96, p < 0.01) (Fig. 8d). Thus, the increase in accuracy over
trials was reflected by a decrease in decision epoch theta power in
the vHipp (¢(,;) = —2.50, p < 0.05).

Novel place task

Performance improved throughout the daily recording session
whether at acquisition (4, = 5.67, p < 0.001) (Fig. 8e) or crite-
rion (f35) = 5.76, p < 0.001) (Fig. 8i). Atacquisition, dHipp theta
power increased during the decision epoch for both the first 10
(g = 5.32,p <0.001) and last 10 trials (¢,,5, = 3.29,p < 0.01) (Fig.
8g). These effects were seen despite no differences in running speed
between the decision and control epoch (f;5, = —0.45, p > 0.10)

(Fig. 8f) or within the recording session (¢4 = 0.38, p > 0.10). This
change in theta power during the decision epoch was greater for the
first 10 trials (t,4) = 3.34, p < 0.01), when the animal made more
errors. Similar results were seen at criterion, dHipp theta power
increased during the first 10 (¢35, = 7.17, p < 0.001) and last 10
trials (¢35, = 4.45, p < 0.001) (Fig. 8k) despite no differences in
running speed between the decision and control epochs (first 10,
ts5) = 175, p = 0.09 last 10, 55, = 1.15, p > 0.10) (Fig. 8j) or
within the recording session (.55, = 1.45, p > 0.10). Again, the
increase in dHipp theta power was greater during the first 10
trials (¢35, = 4.55, p < 0.001) when the animal made more errors.

Theta power decreased in the vHipp during the decision ep-
och in the fixed task, a well learned task. This was notably seen
during the last 10 trials. A similar pattern was seen in the novel
place task once it was well learned (i.e., at criterion). At acquisi-
tion, no differences in vHipp theta power were found between the
control and decision epochs during both the first and last 10 trials
(first 10, £,y = 0.01, p > 0.10; last 10, ¢, 5, = 1.52, p > 0.10) (Fig.
8h). Once at criterion, the contrast between the first and last 10
trials became apparent with a decrease in decision epoch theta
power found only on the last 10 trials (first 10, #,) = 0.99, p >
0.10;last 10, £, = 4.56, p < 0.001) (Fig. 87). A direct comparison
showed that vHipp theta power decreased during the last 10 trials
compared with the first 10 (¢,4, = 4.85, p < 0.001).

The increase in dHipp theta power during the decision epoch
was greatest when the rat first learned the task and early within
the daily sessions when the new goal location must be learned. As
performance increased (both within and across days), there was
less of an increase in theta power during the decision epoch in the
dHipp. The opposite dynamic was seen with regard to theta
power in the vHipp.

Novel response task

Rats were more accurate during the last 10 trials of the day at
acquisition (trend) (t,,, = 2.08, p = 0.06) (Fig. 8m) and criterion
(t(16) = 4.01,p = 0.001) (Fig. 8q). At acquisition, theta power was
greater during the decision epoch in both the first 10 (¢,,,, = 6.99,
p < 0.001) and last 10 trials (¢, = 2.96, p < 0.05) (Fig. 80).
Interestingly, the change in theta power was stronger when the
rats were first learning the task (first 10 vs last 10, ¢,,, = 3.75,p <
0.01) despite no differences in running speed within the record-
ing session (f(,,, = 1.89, p = 0.083). Similarly, no differences in
running speed were seen between the decision and control epoch
for the first 10 (¢,,, = —0.12, p > 0.10) and last 10 trials (¢.,,, =
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—0.44, p > 0.10) (Fig. 8n). Similar results were seen at criterion,
theta power increased in the decision versus the control epoch
during the first 10 (¢, = 5.24, p < 0.001) and the last 10 trials
(t16) = 3.50, p < 0.01) (Fig. 8s), though there was an increase in
running speed (first 10, £,5) = 4.49, p < 0.001; last 10, ¢, = 2.89,
p <0.05) (Fig. 8r). In contrast to theta power changes at acquisition,
no differences were seen in theta power between the first and last 10
trials (¢4 = 0.39, p > 0.10), despite that fact that rats ran slower
throughout the recording session (f,5) = 4.5, p < 0.001).

As seen in the previous paradigms, the decision epoch was
characterized by a decrease in vHipp theta power. At acquisition,
the decrease in decision epoch theta power was found only on the
last 10 trials (first 10, ¢,y = —0.31, p > 0.10; last 10, t(,y) =
—4.05, p < 0.01) (Fig. 8p). At criterion, theta power decreased
during the decision epoch in both the first and last 10 trials (first
10, (14 = —11.28, p < 0.001; last 10, t.,,, = —4.93, p < 0.001)
(Fig. 8t). This effect was greater when the rat was just learning the
task (first 10 vs last 10, £,4) = 4.85, p < 0.001).

Across all three tasks animals tended to improve their perfor-
mance throughout the session with no systematic change in rel-
ative running speed between the control and decision epochs.
Overall, dHipp theta increased, especially in the first trials of the
maze session; conversely, vHipp theta power decreased mostly
during the later trials on the maze.

Interestingly, the increased dHipp theta power seen during
the decision epoch was relatively stable within session when the

rats were at asymptotic performance (criterion) on the fixed task
and novel response task. In contrast, dHipp theta power was
greatest early in the training session on paradigms that required
new learning (acquisition on the novel place task and novel re-
sponse task) and even when the rats were at asymptotic perfor-
mance but had to learn a novel place arm every day (novel place
task).

Minimal effects of task difficulty, error trials, and place
strategies on theta power

To determine the effects of different task demands we compared
theta power across trial difficulty (competitive vs cooperative
trials), accuracy (error vs correct trials), and navigation strategy
(place vs response). We assessed the different cognitive compo-
nents of the task during the nonambulatory “waiting” portion of
the maze which occurred after the rat had been cued to the correct
strategy, but before the rat initiated the decision run (Fig. 2a).

Trial difficulty

Trials were qualified as competitive or cooperative (Fig. 2b).
When starting from the north or west arms, place and response
strategies indicated different goal arms (competitive trials).
Whereas, when starting from the south arm, both place and re-
sponse strategies indicated the same goal arm (cooperative trials).
Competitive trials resulted in more errors when learning the task
(novel place task: competitive 19.5 = 1.2, cooperative 1.7 * 0.3
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mean errors = SEM, t,, = 14.65, p < 0.001; novel response task:
competitive 20 = 1.5, cooperative 9.5 = 1.5, mean errors = SEM,
t;, = 7.85, p < 0.001). Even when at asymptotic performance,
competitive trials resulted in more errors (fixed task: competitive
3.4 £ 0.3, cooperative 0.5 = 0.1, mean errors = SEM, t;, = 9.67,
p < 0.001; novel place task: competitive 10.0 = 0.5, cooperative
1.3 £ 0.3, mean errors = SEM, t;5 = 15.57, p < 0.001; novel
response task: competitive 5.4 * 0.5, cooperative 0.4 = 0.2, mean
errors * SEM, t,, = 10.31, p < 0.001) in agreement with previous
studies (Schmidt et al., 2009; Jacobson et al., 2012).

However, no consistent differences in theta power were seen
when waiting to perform a competitive or cooperative trial. No
differences were found in the fixed task in the dHipp, nor vHipp
(both p > 0.10). In the novel place task a trend was seen in
increased dHipp theta power when waiting to perform a compet-
itive trial (f.s4) = 1.83, p = 0.072), but not in the vHipp () =
—0.32, p > 0.10). In the novel response task theta power
increased in the vHipp preceding cooperative trials (¢,5, = 2.13,
p < 0.05), but not in the dHipp (9, = —0.23, p > 0.10). The
change in theta power was greater in vHipp than dHipp (¢.,5, =
2.72,p < 0.05).

Correct versus incorrect trials

The effects of trial accuracy on theta power is currently unknown;
some studies suggest theta power increases on correct trials
(Jones and Wilson, 2005), whereas others report no change
(Montgomery etal., 2009; Shirvalkar et al., 2010). Neither dHipp,
nor vHipp theta power predicted trial accuracy in the fixed task or
novel response task (all p > 0.10). In the novel place task, theta
power was greater preceding correct trials in the dHipp (¢(s4, =
2.58, p < 0.05), but not the vHipp (¢(35) = —1.28, p > 0.10). Not
unexpectedly, the change in theta power was greater in the dHipp
than vHipp (g3, = 3.26, p < 0.01).

Hippocampal-dependent versus independent trials

Place strategies are believed to be hippocampal-dependent, while
response strategies are hippocampal-independent (Packard and
McGaugh, 1996). We found similar lesion effects on place trials
using the present paradigm (Jacobson et al., 2012). However, in
the fixed task anticipating/preparing to use a place strategy had
no effect on theta power in neither the dHipp, nor the vHipp
(both p > 0.10). In the novel place task, planning to use place
strategy did not affect vHipp theta power (3o = —0.80, p >
0.10). However, there was a trend for increased dHipp theta
power preceding the response trials (¢s,) = 1.90, p = 0.063). In
contrast, on the novel response task, planning to use a place strat-
egy increased vHipp theta power (f,5, = —2.98, p < 0.05), but
not dHipp theta power (t,5, = —0.93, p > 0.10).

In contrast to the numerous changes seen consistently across
tasks (see above), trial difficulty, trial accuracy, and navigation
strategy used resulted in minimal and variable effects between the
dHipp and the vHipp and across tasks.

Effects of set shifting

To examine whether theta oscillations were modulated by the
behavioral flexibility required for strategy switching we analyzed
the first trial after a strategy switch (place to response or response
to place) compared with steady-state trials (successive trials of the
same strategy). Animals were cued regarding the upcoming trial
strategy upon leaving the goal and progressing toward the next
startlocation (i.e., during the control epoch). Therefore, we com-
pared theta power on the control epoch on switch and steady-
state trials during the fixed task (a task when animals were
performing at asymptote and had no novel learning component).
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Theta power in the dHipp was greater on switch than steady-
state trials (¢35, = 3.13, p < 0.002), despite no differences in
running speed (¢;0, = 1.39, p > 0.08). This phenomenon was
limited to the dHipp, as there were no differences between switch
and steady-state trials in the vHipp (t,,) = 0.27, p > 0.10). Thus,
despite the fact that navigation strategy had no effect on theta
power (see above), switching between strategies resulted in
greater theta power in the dHipp than consistently using the same
navigation strategy.

Discussion

Rats were trained to continuously switch between place and
response strategies in three tasks that differed in their
hippocampal-dependent and independent components. Multi-
ple dissociations between dHipp and vHipp theta were found
across tasks: (1) theta frequency (peak) was higher in the dHipp.
(2) Theta frequency increased during the decision epoch, partic-
ularly in the dHipp. (3) Theta power was related to behavior in
opposite ways in the dHipp and the vHipp, increasing in the
dHipp during the decision epoch and decreasing in the vHipp.
This effect was strongest during the beginning of the training
session for dHipp and later in the session for vHipp. (4) The
relationship between running speed and theta power was uncou-
pled during the decision epoch, but only in the dHipp. (5) Theta
coherence increased during the decision epoch within the dHipp
on all tasks; however, coherence within the vHipp and between
the dHipp and the vHipp increased solely on the task with new
hippocampal learning. (6) Theta power was modulated by set
shifting, a phenomenon limited to the dHipp.

Theta frequency increased during decision-making

Jeewajee et al. (2008) reported decreased theta frequency with
environmental novelty. Computational models propose that the
reduction seen in theta frequency in environmental novelty po-
tentially results from increased acetylcholine release (Acquas et
al., 1996) and may contribute to successful encoding (Aigner and
Mishkin, 1986; Tang et al., 1997).

In this study, dHipp and vHipp theta frequency increased
during the decision epoch, an effect generally larger in the dHipp
and dissociable from running speed. Jeewajee et al. (2008) re-
ported increased theta frequency across training sessions. We
expanded on this by showing changes within day and limited to
the purported decision-making epoch of the maze. Though the
functional implications and mechanisms of changes in theta fre-
quency have not been fully elucidated, we have previously shown
that systemic injections of physiostigmine reduce theta frequency
(Jacobson et al., 2013). Together, activity-dependent increases in
theta frequency could reflect a shift away from the impact of
cholinergic activation and may facilitate retrieval processes
(Barry et al., 2012).

Theta power and speed are uncoupled with cognitive
demands in the dorsal hippocampus

Do theta oscillations facilitate cognition, or are the changes in
theta power seen simply an effect of running speed? Hippocam-
pal theta power is positively correlated with running speed
(Vanderwolf, 1969; Steward and Vanderwolf, 1987; Hinman et
al., 2011), yet, it also shows changes with cognitive/mnemonic
demands (Klimesch, 1999; Diizel et al., 2010). The correlation
between theta power and running speed was uncoupled with
increased cognitive demands in the dHipp. In contrast, this rela-
tionship was not affected by the cognitive aspects of the task in the
vHipp. These results suggest that theta power does not simply
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reflect volitional movement (Kelemen et al., 2005), but the cog-
nitive demands of a task as well.

Theta power increased in the dorsal but decreased in the
ventral hippocampus during decision-making

Theta power in the dHipp increased during the decision-making
epoch of the maze. This increase was seen regardless of whether
the running speed was greater (i.e., fixed task), or similar (i.e., the
other two tasks) to the control epoch speed; this is not surprising
given that the speed power relationship was uncoupled during
the decision epoch.

Theta oscillations may facilitate decision-making processes.
Montgomery et al. (2009) demonstrated in rats trained on a
hippocampal-dependent spatial alternation task that the maze
region occupied by the rat (e.g., decision region) had a greater
modulating effect on theta power than running speed. Specifi-
cally, theta power increased on the center arm of the maze, where
the purported cognitive operations, such as memory retrieval and
decision-making, were performed. To our knowledge, no study
has previously examined the effects of navigation decision-
making on vHipp theta. vHipp theta was also affected by deci-
sion-making; however, in the opposite manner, showing a
decrease in theta power.

The increased dHipp theta power seen during decision-
making attenuated within a training session as animals were
learning a new task (acquisition on both the novel place and novel
response tasks). This was also found at criterion in the novel place
task, notably in this task, even at criterion, each day required the
rat to learn a new place goal arm. In contrast, this was not seen
during asymptotic performance in tasks that did require new
learning, such as the fixed task and the novel response task. The
decrease in vHipp theta did not follow this pattern. Together,
these results suggest that the change in theta power reflects not
only decision-making, but the learning as well.

Effects of task difficulty and errors

dHipp and vHipp theta power were differentially affected by the
anticipated trial, when the animal was waiting to initiate the de-
cision epoch. Although the results from the decision epochs were
substantial and consistent across tasks, the data from this wait
period was more variable. Despite increased variability, differ-
ences between dHipp and vHipp theta were apparent. Theta
power increased in the dHipp, but not the vHipp, during com-
petitive trials on the novel place task. Similarly, theta power in-
creased in the dHipp preceding correct trials on the novel place
task; however, this effect was not seen in the vHipp.

Hippocampus-dependent learning did not affect theta power

Hippocampal “place” cells, which code for spatial location
(O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978), dif-
ferentiate between place and response strategies (Eschenko and
Mizumori, 2007; Schmidt et al., 2012). dHipp lesions impair
place, but not response navigation on the current (Jacobson et al.,
2012) and similar tasks (Packard and McGaugh, 1996). Similarly,
disrupting theta oscillations results in spatial impairments
(Winson, 1978; Shirvalkar et al., 2010) and human hippocampal
activity increases during virtual navigation (Hartley et al., 2003;
Taria et al., 2003). Despite the above, in this study, neither dHipp
nor vHipp theta power was affected by navigation strategy used.
Immediate-early-gene studies have similarly failed to find differ-
ences in overall hippocampal activation between hippocampal-
dependent and independent navigation tasks (Guzowski et al.,
2001; Schmidt et al., 2012). It is possible that rather than local
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inputs or principal cell activity, coactivity across a large region of
hippocampus has functional implications.

Set shifting modulated theta power in the dorsal but not the
ventral hippocampus

Switching between strategies resulted in greater theta power than
consistently using the same navigation strategy. This effect was
limited to the dHipp. Though strategy switching is generally be-
lieved to be supported downstream to the hippocampus, by the
prefrontal cortices (Rich and Shapiro, 2009; Young and Shapiro,
2009), the current results suggest that the neural processes in the
dHipp also reflect the cognitive demands of set shifting.

Theta coherence increased in the dorsal hippocampus

during decision-making

Coherent oscillations provide common windows for inputs and
outputs allowing for more effective communication (Fries,
2005). During the decision epoch theta coherence increased
within the dHipp on all tasks. Conversely, theta coherence selec-
tively increased within the vHipp and between the dHipp and the
vHipp during the novel place task, the task with the greatest hip-
pocampal demand/learning, but not in the fixed task, nor the
novel response task. Notably the increased theta coherence be-
tween the dHipp and vHipp cannot be an epiphenomenon of
increased power in both structures because this occurred at the
same time as a decrease in vHipp theta power.

Our data are in accord and extends on previous studies that
have shown increased theta coherence within dHipp during
decision-making on spatial tasks (Montgomery et al., 2009). Sim-
ilar studies have shown increased theta coherence during
decision-making between the hippocampus and striatum
(Decoteau et al., 2007), as well as the hippocampus and prefrontal
cortex (Jones and Wilson, 2005; Benchenane et al., 2010). To our
knowledge, no study has previously examined coherence in both the
dHipp and Vhipp during decision-making on a spatial task.

Concluding thoughts

Our view of the hippocampus has evolved from a homogenous
structure to one that dissociates along the septotemporal axis.
The current study supports this distinction, showing multiple
quantitative and qualitative differences in dHipp and vHipp theta
oscillations. However, the current data also indicate the vHipp
was quite responsive to the navigation task. vHipp theta fre-
quency, power, and coherence were all affected by cognitive de-
mands. These data are in agreement with others that show vHipp
involvement in spatial learning (Ogren et al., 1996; Floresco et al.,
1997; Schott et al., 1998; Ferbinteanu et al., 2003; de Hoz et al.,
2003; Loureiro et al., 2012).

Perhaps the most intriguing finding was of coherence. Theo-
retically, a task demanding on hippocampal processes could be
based on different functional components of the hippocampus
working independently, each subregion processing different as-
pects of the task. The output from the subregions would get in-
tegrated elsewhere in the brain (presumably neocortex).
Alternatively, the integration could take place within the hip-
pocampus. The latter option would require synchronization
throughout the hippocampus. The findings of increased coher-
ence between the dHipp and the vHipp only on the spatial work-
ing memory task support this second option and suggest a large
degree of cooperation throughout the hippocampus during in-
formation processing.
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