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Summary

Current views of the hippocampus assign this structure, and its prominent theta rhythms, a key
role in both cognition and affect. We studied this duality of function in humans, where no direct
evidence exists. Whole-head magnetoencephalographic (MEG) data were recorded to measure
theta activity while healthy participants (A= 25) navigated two virtual Morris water mazes, one in
which they risked receiving aversive shocks without warning to induce anxiety and one in which
they were safe from shocks. Results showed that threat of shock elevated anxiety level and
enhanced navigation performance compared to the safe condition. MEG source analyses revealed
that improved navigation performance during threat was preferentially associated with increased
left septal (posterior) hippocampal theta (specifically 4-8 Hz activity), replicating previous
research that emphasizes a predominant role of the septal third of the hippocampus in spatial
cognition. Moreover, increased self-reported anxiety during threat was preferentially associated
with increased left temporal (anterior) hippocampal theta (specifically 2—6 Hz activity), consistent
with this region’s involvement in mediating conditioned and innate fear. Supporting contemporary
theory, these findings highlight simultaneous involvement of the human hippocampus in spatial
cognition and anxiety, and clarify their distinct correlates.
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The hippocampus supports a variety of cognitive-behavioral functions (Eichenbaum, 2004),
most notably spatial learning and memory (Buzsaki, 2005; O’Keefe & Nadel, 1978). The
hippocampus also figures prominently in affective-motivational states such as anxiety (Gray
& McNaughton, 2000; McNaughton et al., 2007); its dysfunction has been implicated in
anxiety (Bonne et al., 2008; Karl et al., 2006) and mood disorders (Cornwell et al., 2010;
Frodl et al., 2008; Sahay & Ren, 2007). In synthesizing these two distinct bodies of
empirical data, some researchers have posited a unitary function for the hippocampus, one
that is fundamental to a wide range of cognitive and affective processes (Bland & Oddie,
2001; Davidson & Jarrard, 2004; Gray & McNaughton, 2000). Others have highlighted
potential subdivisions of the hippocampus along anatomical and/or spectral (i.e., distinct
theta rhythms) lines to account for its diverse functionality (Bannerman et al., 2004;
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Fanselow & Dong, 2010; Shin, 2009). Aside from this theoretical attention, empirical work
in rodents focusing simultaneously on contributions of the hippocampus to cognition and
affect is relatively scarce, despite some recent exceptions (Bannerman et al., 2003; Bertoglio
et al., 2006; Czerniawski et al., 2009; Moita et al., 2004; Royer et al., 2010). To our
knowledge, this duality has not been explored in humans.

A functional-anatomical division along the longitudinal axis of the hippocampus provides
potential grounding for its dual role in cognition and affect. Septal (or dorsal or posterior)
hippocampus has been extensively implicated in spatial cognition (Moser et al., 1993; Moser
et al., 1995). The septal third is heavily interconnected to retrosplenial cortices, cingulate
cortices and striatal regions (among others), supporting its role in cognitive processes
(Fanselow & Dong, 2010). Temporal (or ventral or anterior) hippocampus, in contrast,
contributes to anxiety and modulation of stress responses (Kjelstrup et al., 2002; Ohmura et
al., 2010; Oler et al., 2010), projecting to structures mediating affective processes such as
the amygdala, hypothalamus and medial prefrontal cortices (Fanselow & Dong, 2010;
Ishikawa & Nakamura, 2006). Although most of this evidence stems from animal work,
human neuroimaging studies have yielded similar insights. For example, spatial cognitive
tasks routinely elicit activity in septal hippocampus (Hartley et al., 2003; Maguire et al.,
1998; 1999). Contextual fear conditioning studies, on the other hand, find enhanced
temporal hippocampal activity in aversive contexts (Alvarez et al, 2008; Hasler et al., 2007;
Marshner et al., 2008), although these results could reflect enhanced spatial processing of
aversive contexts rather than mediating affective processes per se. Despite this emerging
picture, no human neuroimaging studies to date have investigated both putative functions
simultaneously and explicitly addressed this potential functional-anatomical division. We
aimed to fill this gap by focusing on a particular kind of brain oscillation that is central to
hippocampal function: theta activity.

Rodent electrophysiological work has long established that hippocampal neuronal
populations exhibit theta rhythms (4—12 Hz) under various conditions, predominantly during
exploratory behaviors (Buzsaki, 2002; 2005). Hippocampal theta is thought to be essential to
spatial learning (McNaughton et al., 2006; Winson, 1978), and episodic memory formation
more generally (Buzsaki, 2005). Importantly, two kinds of hippocampal theta, with distinct
pharmacological and behavioral profiles (Bland, 1986), may support diverse functions (Shin,
2009). Type-1 theta is non-cholinergically-mediated and observed during locomotion (Bland
& Oddie, 2001). Type-2 theta is cholinergically-mediated, and evident during immobile, but
highly arousing and vigilant conditions (e.g., presence of predator, Sainsbury et al., 1987).
Recently Shin and colleagues dissociated type-1 and type-2 theta genetically with knockout
mice characterized by deficient cholinergic signaling in the medial septum (Shin et al.,
2009) and hippocampus (Shin et al., 2005). Cholinergic deficiency led to reduced type-2
theta and increased anxiety-like behaviors, but had no effect on type-1 theta (Shin et al.,
2009). Given that type-1 and type-2 theta often have different spectral peaks (7-12 and 47
Hz, respectively), theta frequency may also be useful to consider, in addition to anatomical
location, as a starting point for studying cognitive versus affective functions of the human
hippocampus.

Despite being less prominent in humans (Cantero et al., 2003), as well as other primates
(Stewart & Fox, 1991), theta activity may, nevertheless, be important for human brain
function (Duzel et al., 2010; Kahana et al., 2001). Invasive electrophysiological studies (in
epileptic patients) employing virtual reality environments, for instance, have shown that the
human hippocampus exhibits theta oscillations (4-8 Hz) during periods of goal-directed
navigation (Ekstrom et al. 2005; Caplan et al., 2003). Previously, we found that septal
hippocampal theta positively correlated with spatial navigation performance (Cornwell et
al., 2008; 2010). In these latter studies, hippocampal theta was measured noninvasively
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using whole-head magnetoencephalography (MEG) while participants navigated a virtual
analogue of the Morris water maze, a task known to be hippocampal-dependent in both its
actual (Morris et al., 1982) and virtual form (Astur et al., 2002; Bartsch et al., 2011,
Goodrich-Hunsaker et al., 2010). Research on specifying a role for human hippocampal
theta in spatial learning and other cognitive functions, however, has not been matched by
similar attention to the potential significance of hippocampal theta for anxiety.

In the current study, we modified the virtual Morris water maze task to extend the
significance of human hippocampal theta to anxiety. While undergoing whole-head MEG,
participants (V= 25) navigated two virtual pools in search of an escape platform, one in
which they risked receiving electric shocks before reaching the platform and one in which
they were safe from shocks (Figure 1). Threat of unpredictable shocks is a well-validated
and powerful method for inducing sustained anxiety (Grillon, 2002). In this experimental
task context, cognitive factors underlying spatial learning and affective factors underlying
shock anticipation can be quantified independently — using measures of navigation
performance and subjective anxiety experience, respectively — and linked to hippocampal
theta activity. Based on the literature, we hypothesized two ways in which these potential
functional correlates of hippocampal theta could be separated. Anatomically, it was
predicted that navigation performance would be associated with septal hippocampal theta
(Cornwell et al., 2008, 2010), and anxiety with temporal hippocampal theta (Fanselow &
Dong, 2010). Spectrally, we anticipated that cognitive and affective functions of the
hippocampus would be distinctly associated with specific theta-frequency bands, with
navigation performance linked to high-frequency theta (Cornwell et al., 2008; 2010) and
anxiety linked to low-frequency theta (Shin et al., 2009).

Materials and Methods

Participants

Twenty—five healthy, right-handed individuals completed the study (13 men, 12 women,
mean age = 29y, SD = 6 y). Data from six additional participants were excluded because of
either excessive head movement during the MEG scans or extremely poor task performance
(i.e., > 3 standard deviations of the mean). Exclusion criteria for participation included: (1)
past or current psychiatric disorders determined by a Structured Clinical Interview for DSM-
IV (First et al., 1995), (2) cardiovascular abnormalities determined by a physical exam, (3)
current use of psychoactive medications as per self-report and (4) current use of illicit drugs
determined by urinalysis. Participants were screened for non-removable metallic objects that
might cause significant artifacts in the MEG (or pose safety concerns in the MRI
environment). The study was approved by the Combined Neuroscience Institutional Review
Board of the National Institutes of Health. All participants gave informed consent in writing
prior to participation and received monetary compensation.

Electrode set-up

Two surface electrodes were attached to the left wrist for shock administration by a Grass
S88 constant voltage stimulator (Astro-Med, Inc., RI, USA). A third surface electrode
attached to the forearm served as ground. Before participants were placed in the MEG
scanner, shock intensity was set individually for each participant to a level reported to be
moderately uncomfortable. Participants were informed that they could receive 5-15 shocks
during the recordings. Ten shocks (5 per run) were delivered.

virtual Morris water maze task

The virtual Morris water maze task was administered with commercial software
(http://www.neuroinvestigations.com). Participants completed two runs of 40 trials, using
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their right (dominant) hand to navigate the virtual pool with a custom-made fiber-optic
joystick (Figure 1). During both runs, participants alternated every fifth trial between two
pools, one in which they were at risk to receive shocks at any time they were not on the
platform (threat) and one in which they were safe at all times (safe). Each pool could be
identified by the distal cues on the surrounding walls (i.e., objects such as a window or door
in one pool and abstract paintings in the other), and participants were instructed so before
the MEG recordings. Other than the distal cues, the pools were structurally identical. The
assignment of pools to threat and safe conditions, as well as the order of conditions, was
counterbalanced across participants. For the threat condition, shocks were delivered
randomly on 5 of 20 trials for each run, at least 2.5 s after trial onset but before participants
had reached the platform.

In the first run (visible platform condition, encoding phase), the platform was visible above
the water in a fixed location and participants navigated to it 40 times (20 times per pool
context) from one of four starting points at the pool’s edge (pseudo-randomly ordered). Each
trial began with the participant facing the edge, requiring them to turn around to view the
entire pool layout. In the second run (hidden platform condition, retrieval phase), the
platform was submerged for 15 s in the same fixed location as in the first run and
participants navigated to it 40 times (20 times per pool) from the same four starting points.
Because the platform was hidden, participants had to use the distal visual cues to navigate
efficiently. For both runs, participants were instructed to navigate as quickly and directly as
possible to the platform, whether visible or hidden. In the hidden platform condition, the
platform was raised on trials in which it was not found within 15 s and considered a failed
attempt. There was a fixed 2-s inter-trial interval in which a black screen was presented.

MEG and MRI acquisition

Neuromagnetic activity was measured with a CTF-OMEGA 275-channel (first-order
gradiometers) whole-head magnetometer (VSM MedTech, Ltd., Canada) in a magnetically-
shielded room (Vacuumschmelze, Germany). Synthetic third gradient balancing was used
for active noise cancellation. Magnetic flux density was digitized at 1200 Hz with a
bandwidth of 0-300 Hz and notch filter at 60 Hz. Fiducial coils were attached to the nasion
and right and left preauricular sites. Coils were energized continuously to provide real-time
head position in the dewar for later co-registration with the anatomical MRI. Participants
who deviated more than 5 mm from their initial head position were excluded. Magnetic
resonance images (MRI) were obtained in a separate session using a 3-Tesla whole-body
scanner (GE Signa, WI, USA). A high resolution T1-weighted (magnetization-prepared
rapid-acquisition gradient echo [MPRAGE]) MRI was obtained from each participant with
radiological markers (1ZI Medical Products Corp, MD, USA) attached to the same three
fiducial sites to facilitate spatial coregistration.

Subjective anxiety assessment

Following each run, participants were asked to rate their anxiety level during threat and safe
conditions. A 0-10 scale was used, ranging from “no anxiety” to “extreme anxiety.” To
compare self-reported anxiety level across conditions, a two-way repeated-measures
ANOVA on angular transformed values was performed (using arcsin x~1, wherexis the raw
anxiety score expressed as a proportion).

Navigation performance assessment

The virtual Morris water maze software performs automated calculations of multiple
variables for assessing trial-by-trial performance, including latency to reach the platform,
path length to the platform and heading error. These measures are typically correlated; in the
present sample, for instance, mean path length and mean heading error show a strong
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positive correlation between subjects (Pearson r%s = .67 and .90 for the threat and safe
conditions, respectively). To compare performance between conditions, latency and path
length were not considered because we imposed a 15-s time limit on hidden platform trials —
to avoid fatigue in the MEG scanner — which significantly reduced the range of possible
values for these two variables.

Our primary measure was heading error, which is a point estimate of the angular deviation
between the current path and the ideal path (i.e., straight line). Heading error is recorded
early, specifically at the point in which the participant has traversed 25% of the pool’s
diameter; it is therefore not influenced by trial duration. Importantly, the initial trajectory
taken by the participant, which heading error estimates, is thought to rely strongly on the use
of distal environmental cues when the platform is hidden (Woolley et al., 2010), and thus
may be a particularly sensitive measure of hippocampal function. Mean heading error was
calculated for each block of 4 trials, square-root transformed, and entered into a 2
(condition) x 5 (block) repeated-measures ANOVA. For comparing overall performance
between conditions on hidden platform trials, we performed a paired #test on the number of
failed attempts (out of 20 trials) to reach the platform within the allotted 15 s.

Time-frequency analyses

The Stockwell transform (Stockwell et al., 1996) was applied to raw MEG sensor data to
determine the dominant spectral changes occurring in the first 2 s relative to trial onset for
the 20 hidden trials. Detailed topographic information was not important for this purpose,
and thus sensors overlying temporal cortices were averaged for each hemisphere. Custom
software (freely available at http://kurage.nimh.nih.gov) was used for Stockwell analyses
and plotting. For plotting, these data were normalized to power within a 1-s baseline
window immediately preceding trial onset.

Synthetic Aperture Magnetometry (SAM)

SAM is a minimum-variance adaptive beamformer algorithm for estimating source power
within specific time and frequency windows across the brain with no a priori assumptions
about the number of active sources or their spatial locations (Hillebrand et al., 2005; Vrba &
Robinson, 2001). In general, source space is parsed into a 3-dimensional grid with an
optimum spatial filter specified for each grid point (“voxel”). A spatial filter or beamformer
is essentially a weighted linear combination of sensor data, where the weight vector at each
grid point is derived from the signal covariance of unaveraged sensor data digitally filtered
in a frequency band of interest. Interfering sources, neural as well as artifactual ones of
ocular and muscular origin, are suppressed by minimizing the output of the spatial filter.
Signal from the target location is retained by constraining the lower bound of minimization
to unity gain for a dipolar current source, which is obtained by calculating the biomagnetic
forward solution with a multiple-sphere source-space model (derived from the anatomical
MRIs). Localizing hippocampal activity with adaptive MEG beamformers has been
successful across multiple experimental paradigms (Cornwell et al., 2008; 2010; Moses et
al., 2009; Quraan et al., 2010; Riggs et al., 2009).

SAM analyses were carried out on two partially overlapping low-frequency bands: 4-8 Hz
and 2-6 Hz. In our previous studies using the virtual Morris water maze, we defined theta
activity exclusively by the 4-8 Hz band (Cornwell et al., 2008; 2010). In light of the
possible functional distinction between different theta-frequency bands (Shin et al., 2009),
here we also estimated power in the 2-6 Hz band, which spans the traditional boundary
between theta and delta oscillatory activity. Intracranial EEG studies report that delta as well
as theta oscillations are present in the human hippocampus, and may function similarly
(Jacobs et al., 2007; Lega et al., 2011; Mormann et al., 2008). Moreover, Stockwell time-
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frequency plots motivated the selection of 4-8 Hz and 2—6 Hz bands. Although these bands
overlap, they should nevertheless be relatively sensitive to higher versus lower theta activity,
respectively. For the remainder of the manuscript, we refer to 4-8 Hz activity as high-
frequency (or high) theta and 2—6 Hz activity as low-frequency (or low) theta.

Source analyses focused on the first 2 s of each trial for several reasons. First, hippocampal
theta does not appear for extended periods in humans (Cantero et al., 2003), and we have
had previous success localizing hippocampal theta at the start of navigation (Cornwell et al.,
2008). Second, to be able to use all of the 20 trials in the visible and hidden platform runs
for SAM analyses, we were constrained by 5 trials containing shocks (delivered as early as
2.5 s relative to trial onset), which could systematically influence oscillatory activity during
threat. Third, we wanted to capture activity preceding movements before calculation of
heading errors, the primary measure of performance used here; based on mean latencies to
first movements, most participants took longer than 2 s on average to begin navigating.

Source power was estimated for five time windows relative to trial onset (0.00-1.00 s, 0.25—
1.255s, 0.50-1.50 s, 0.75-1.75 s and 1.00-2.00 s). All 1-s active windows were compared to
the same 1-s baseline window before trial onset in the inter-trial interval. This yields a
metric of relative power (pseudo-F ratio) with positive values indicating increased power
relative to baseline and negative values decreased power. Each individual SAM source
image consisted of a volume of pseudo-F power ratios with a spatial sampling of 5 mm
(voxel size = 5 mm3). We should note that the alternative of performing a single analysis
over the 2-s window is not optimal given that it would require a control condition of similar
length for a balanced comparison, and the entire 2-s intertrial interval, which includes event-
related activity associated with the offset of the previous trial, would not be an appropriate
baseline state for this comparison.

Weight vector correlation analyses

Before performing group analyses, we addressed the orthogonality of the beamformers for
temporal and septal thirds of the hippocampus to validate that there was sufficient
independence in the estimates of theta activity between these subregions to test our main
hypotheses. This was achieved by performing correlation tests of weight vectors between the
beamformers specifying the temporal third and those specifying the septal third, for both the
left and right hippocampus (for a similar approach to estimating the spatial resolution of
adaptive beamformer analyses, see Barnes et al., 2004). Weight vectors were extracted for
correlation tests from the voxel within each subregion (see next section) at the boundary
closest to the other subregion (i.e., most anterior voxel in the septal third vs. most posterior
voxel in the temporal third). Results were analyzed in terms of the shared variance
(coefficient of determination, /) between (left or right) temporal and septal hippocampus.

Group Statistical Analyses —regression analyses

Using AFNI (Cox, 1996), SAM images for each condition, time window and frequency
band were manually spatially warped to a Talairach brain template to allow for group
analysis in a standardized source space, and within-volume normalized (z-score
transformation) to limit the influence of global signal power differences between
participants on local source power comparisons. To address the relationships between
hippocampal theta, anxiety and navigation performance, theta power estimates were
averaged over anatomically-defined regions of interest (ROIs) and extracted for analysis in
SPSS 18. Bilateral masks of the hippocampi were created from the automated Talairach
Atlas Daemon (Lancaster et al., 2000) and resampled to the SAM imaging data (5-mm grid).
Each voxel retained for the resampled mask overlapped the original mask by at least 10%.
This resulted in bilateral masks containing 20 voxels each. Temporal and septal thirds of
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each hippocampus were averaged separately based on the location of each voxel along the
coronal axis: for temporal, y > —20, and for septal, y < —29. Voxels situated in the
intermediate third of each hippocampus were discarded from these averages to maximize
independent estimation of temporal and septal hippocampal theta source power.

Hierarchical multiple regression analyses were conducted to determine relationships
between hippocampal ROI theta and navigation performance (mean heading error) and
anxiety level. Differential values were computed for all variables (threat — safety) to address
whether relative effects of threat on navigation performance and anxiety are explained by
relative changes in hippocampal theta. Left and right hippocampal theta were analyzed
separately to guard against overfitting the regression models in light of the modest sample
size (AM=25). We did not aim to directly compare left vs. right hippocampal theta.

Preliminary analyses revealed similar Pearson correlations for different time windows, and
thus, hippocampal ROI theta power was averaged across time windows to simplify and
increase signal-to-noise. Because these are overlapping time windows, this also served to
emphasize the middle of the 2-s interval, which is consistent with the timing of theta power
changes observed in the time-frequency data from sensors overlying temporal cortices. Two
regression models (left and right) were run to determine whether differential septal
hippocampal ROI theta on hidden platform trials predicted differential navigation
performance. Four regression models were run to determine the extent to which temporal
hippocampal ROI theta predicted anxiety level during the hidden and visible platform
conditions. Each model contained four predictor variables entered in one step: 2 regions
(temporal, septal) by 2 theta bands (4-8 Hz, 2—-6 Hz). Diagnostic tests confirmed the absence
of significant outliers (> 3 standard deviations) or high degrees of multi-collinearity for all
models. Variance inflation factors (VIF) are reported for significant regression coefficients.

To address the relative contribution of septal vs. temporal hippocampal theta to the various
model fits, we separately removed septal low and high theta or temporal low and high theta
and compared the full model to each of these nested models. Change statistics (AR<) were
computed to determine whether exclusion of one set of predictors or another significantly
reduced explained variance in differential navigation performance or differential anxiety
level.

Threat-induced anxiety response

A 2 x 2 repeated-measures ANOVA on retrospective reports of anxiety revealed a main
effect of Condition, A1,24) = 92.08, p< .001, indicating greater anxiety reported during
threat (mean + SD, .77 £ .31 transformed arbitrary units) than safe (.33 = .23) , as well as a
Condition by Run interaction, A1,24) = 4.87, p=.04. This interaction reflects a greater
effect size for the threat manipulation for the visible platform run, A1,24) = 83.74, p< .001,
partial n2 = .78, relative to the hidden platform run, A1,24) = 41.98, p< .001, partial n2 = .
64. While one subject reported no difference in anxiety between conditions in the visible
platform run, five subjects did so in the hidden platform run. No subjects reported greater
anxiety during safe relative to threat.

Contextual differences in navigation performance

Mean heading error (square-root transformed) was significantly smaller (i.e., better
performance) during threat compared to safety when the platform was hidden, A1, 24) =
5.03, p=.03 (Figure 2). This effect grew progressively over successive blocks as evidenced
by a significant Context-by-Block interaction, A4,96) = 2.85, p= .03, and a strong linear
decrease across blocks for threat, Ajnear(1,24) = 18.51, p< .001, partial 2 = .44, but not for
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safe, Ainear < 1, partial n2 = .02. When the platform was visible, there was a statistical trend
toward a smaller mean heading error during threat compared to safe conditions, A1, 24) =
3.02, p=.095, and no evidence of a Context-by-Block interaction, A4, 81.8) = 1.43,
Greenhouse-Geisser correction = .85, p > .23. Participants did not differ, overall, in their
number of failed attempts to reach the hidden platform within 15 s, before it became visible,
during threat (Mean £ SD, 6.7 + 4.7 trials, out of 20 total) vs. safety (7.4 + 4.8 trials), 24) =
-1.28, p> .10.

Time-frequency decomposition of navigation-related MEG activity

Stockwell transforms were applied to the MEG sensor data to identify spectral differences in
induced power between threat and safe conditions (Figure 3). The first 2 s across 20 hidden
platform trials were analyzed. Threat-safe differences in theta/delta activity were prominent
during this early interval in the group-averaged spectrograms for sensors overlying left and
right temporal cortices. Over the left temporal cortex, there were clear peaks at about 6.4 Hz
and 2.2 Hz. Over the right temporal cortex, there was a single main peak around 2.1 Hz.
Hippocampal source analyses attempted to capture these distinct differences in high (4-8
Hz) versus low theta (2—-6 Hz). Because our primary goal was to link theta activity to
navigation performance and anxiety, no other frequency bands were studied further.

Orthogonality of septal and temporal hippocampal beamformers

To validate that there was sufficient independence between the beamformers estimating
theta activity for septal and temporal hippocampus, weight vector correlations were
computed. Correlation analyses for each run, (hidden platform, visible platform), context
(threat, safe), frequency band (4-8 Hz, 2-6 Hz) and time window revealed very little
overlap, on average, between septal and temporal hippocampal beamformers, with never
more than 7% shared variance (i.e., /2 < .07) for the left hippocampus and the right
hippocampus. For each participant, there were no cases in which septal and temporal
beamformers exhibited > 25% shared variance, suggesting very little overlap in septal vs.
temporal theta power estimates.

Septal (posterior) hippocampal theta predicts navigation performance

The first two regression models were run to determine whether differential (threat — safe)
septal hippocampal theta at trial onset on hidden platform trials predicted differential
navigation performance. Is the relative advantage in navigation performance under threat
predicted by a relative increase of theta in the septal third of the hippocampus? For the left
hippocampus, the full model fit for differential heading error regressed on differential theta
in the hidden platform condition was significant, A4,20) = 3.36, p=.029, adjusted /¢ = .28.
Two predictors, left septal high theta (4-8 Hz) and left septal low theta (2-6 Hz), showed
significant, but opposite, relationships to differential heading error, {20) = —3.20, p=.005,
B =-.63, partial r=-.58, VIF = 1.29 and {20) = 2.15, p= .04, p = .45, partial r= .43, VIF=
1.43, respectively. Across participants, as differential high theta (4-8 Hz) in the septal third
of the left hippocampus increases under threat of shock (relative to safety, Figure 4), and
differential low theta (2—-6 Hz) in the same region decreases, navigation performance
improves (Note that smaller heading errors reflect more accurate trajectories.). For the right
hippocampus, differential theta was not significantly related to differential heading error,
F4,20) = 1.22, p> .05, adjusted /2= .04.

To compare the relative predictive value of differential theta in the septal third of the left
hippocampus over theta in the temporal third, we used hierarchical regression analyses to
examine changes in fit (/79 between the full model and two alternative simpler models (left
septal theta only, left temporal theta only). There was no difference in model fit between the
nested model including septal high and low theta only and the full model for differential left
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hippocampal theta, AR = .05, AR2, 20) < 1, p> .05. In contrast, the full model did
perform significantly better than the nested model including temporal high and low theta
only, AR?= .33, AA?2, 20) = 5.53, p=.01. These results indicate that differential left
temporal hippocampal theta has little predictive value for differential navigation
performance compared to differential left septal hippocampal theta.

Temporal (anterior) hippocampal theta indexes anxiety level

The next two regression models were run to determine whether differential temporal
hippocampal theta predicted differential anxiety on hidden platform trials. Is the relative
increase in anxiety under threat marked by a relative increase of theta in the temporal third
of the hippocampus? For the left hippocampus, the full model fit for differential anxiety
level regressed on differential theta in the hidden platform condition was significant, A4,20)
=3.20, p=.035, adjusted /2= .27. One predictor, left temporal low theta (2-6 Hz), showed
a significant positive relationship with anxiety level, {20) = 3.19, p=.005, B = .62, partial r
= .58, V/F=1.23. This result suggests that as differential low theta (2-6 Hz) increases in the
temporal third of the left hippocampus under threat of shock (relative to safety), self-
reported anxiety increases (Figure 4). For the right hippocampus, differential theta was not
significantly related to differential anxiety level, A4,20) = 2.03, p> .05, adjusted RZ = .15.

Hierarchical analyses indicated no difference in model fit between the nested model
including only left temporal high and low theta and the full model for differential left
hippocampal theta, AR?= .15, AR?2, 20) = 2.51, p>.05. The full model, in contrast, did
perform significantly better than the nested model including only septal high and low theta,
ARZ= 31, AA2, 20) = 5.15, p=.02. Thus, differential left septal hippocampal theta has
little predictive value for differential anxiety compared to differential left temporal
hippocampal theta.

Two final regression models were run to determine whether differential temporal
hippocampal theta predicts differential anxiety on visible platform trials. Full model fits for
differential anxiety level regressed on differential left hippocampal theta and differential
right hippocampal theta were not significant, F< 1, adjusted ”2=-.14 and A4,20) = 2.37, p
> .05, adjusted /2= .19, respectively.

Discussion

Virtual navigation provides fertile ground to study hippocampal functioning in humans
(Burgess et al., 2002). Here, we measured whole-head MEG while participants navigated
two virtual Morris water mazes, one of which was made aversive by the threat of shock, to
study contributions of human hippocampal theta to spatial cognition and anxiety (Figure 1).
Our results support links to both processes. Of central significance, relationships between
left hippocampal theta and navigation performance on the one hand, and anxiety on the other
hand, were anatomically distinct (septal vs. temporal regions, respectively) and spectrally
distinct (high-frequency [4-8 Hz] vs. low-frequency [2—-6 Hz] theta activity, respectively).
These findings support theoretical accounts of hippocampal function in rodents that
postulate involvement of the hippocampus in both cognitive and affective processes
(Bannerman et al., 2004; Davidson & Jarrard, 2004; Fanselow & Dong, 2010; Gray &
McNaughton, 2000). They extend this proposed duality of function to the human
hippocampus, and clarify distinct correlates of cognition- and anxiety-related hippocampal
activity.

Threat of shock increased participants’ anxiety and improved their navigation performance
(Figure 2). This latter effect is indicated by heading error measurements; participants were
more accurate in their initial trajectories to the hidden platform during threat than safety.
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Mean heading error was different only when the platform was hidden, not when the platform
was visible, and this difference between conditions on hidden trials grew over successive
trial blocks. Threatening conditions thus enhanced the rate of spatial learning — in terms of
participants’ taking increasingly accurate trajectories to the platform — which in turn may
reflect greater processing of distal environmental cues to guide navigation (Woolley et al.,
2010). However, there was no overall difference between conditions in the number of failed
attempts to find the hidden platform, suggesting that threat of shock had only modest
beneficial effects on navigation performance. It is worth noting that because anxious arousal
and behavioral performance may not be monotonically related (Salehi et al., 2010; Yerkes &
Dodson, 1908), higher anxiety levels could produce detrimental effects on performance.
This might have implications for separating cognition- and anxiety-related functions of
hippocampal theta as presented below.

In two past studies, we found a positive correlation between left septal (posterior)
hippocampal theta (4-8 Hz) and navigation performance (Cornwell et al., 2008; 2010). A
similar relationship emerged in the present data (Figure 4). Across participants, as high theta
(4-8 Hz) in the septal third of the left hippocampus increased during threat relative to safety,
relative performance improved (i.e., smaller heading errors under threat relative to safety).
In contrast, low theta (2—6 Hz) in the left septal hippocampus was negatively associated with
navigation performance, suggesting that high theta, especially, is beneficial for encoding
one’s initial location in the virtual pool and for selecting accurate trajectories to the hidden
platform. This observation highlights the potential spectral specificity of left septal
hippocampal theta in mediating these cognitive processes; however, whether low frequency
theta (or delta activity) in the left septal hippocampus is actually detrimental to spatial
navigation performance will require replication.

We found no evidence to suggest that temporal (anterior) hippocampal theta was related to
navigation performance, which is consistent with previous findings (Cornwell et al., 2008;
2010), and suggests a preferential involvement of left septal hippocampal theta in spatial
cognition. A functional role for the temporal hippocampus cannot be dismissed, however.
Although temporal hippocampal lesions have little consequence for spatial learning in
rodents — unlike septal lesions that lead to profound deficits (Moser et al., 1993; Moser et
al., 1995) — temporal hippocampal neurons do show place fields (albeit, coarser than septal
neurons) and other features that are consistent with a role in spatial processes (Fortin et al.,
2008; Jung et al., 1994; Kjelstrup et al., 2008; Royer et al., 2010). In humans, the temporal
hippocampus may play a role in initial spatial encoding (Cornwell et al., 2008; Wolbers &
Biichel, 2005) and other kinds of early learning processes such as forming visual
associations (Woollett & Maguire, 2009). Instead of having strict compartmentalization of
spatial cognitive functions, the hippocampus may therefore show a functional gradient along
its longitudinal axis (Royer et al., 2010). Nevertheless, the relative importance of theta in the
septal third of the hippocampus for accurate spatial navigation is further bolstered by the
present results.

Consistent with a role of the hippocampus in affective processes, we found that low theta
(2-6 Hz) in the temporal third of the left hippocampus showed a positive correlation with
self-reported anxiety, such that those who were most anxious while navigating during threat
relative to safe conditions showed the highest increases in low theta in this region during
threat (Figure 4). This was neither the case for high theta in the temporal third nor theta in
septal third of the left hippocampus, thus indicating both regional and spectral specificity in
the link between left temporal hippocampal theta and anxiety. Anxiety-related temporal
hippocampal theta is consistent with the preponderance of human neuroimaging studies
reporting elevated temporal hippocampal activity (as opposed to septal activity) in aversive,
anxiety-provoking contexts (Alvarez et al., 2008; Hasler et al., 2007; Marshner et al., 2008).
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Two principal anatomical targets of the temporal hippocampus that underscore its
involvement in affective processes are the amygdala and medial prefrontal cortices
(Ishikawa & Nakamura, 2006). Recording from the lateral amygdala and CA1 region of the
hippocampus, (Seidenbecher et al 2003) found synchronized theta activity between these
two structures during fear conditioning when rodents were exposed to a stimulus that was
associated with shock delivery (also see Pape et al., 2005). Aversive learning may therefore
involve theta-mediated interaction of the temporal hippocampus and amygdala. Moreover,
hippocampal theta oscillations increase along with anxiety-like behaviors in genetically-
engineered mice having serotonin 1A receptor deficiencies (Gordon et al., 2005). Further
work with this knockout model shows that theta oscillations in medial prefrontal regions,
particularly during anxiety-provoking conditions, are synchronized with those in the
temporal hippocampus but not the septal hippocampus (Adhikari et al., 2010). Our data are
consistent with this regional specificity, and provide the first evidence of a link between
temporal hippocampal theta and anxiety in humans.

It is also noteworthy that anxiety-related activity in the left temporal hippocampus was
restricted to low (2—6 Hz) theta. In rodents, cholinergically-mediated type-2 theta is
typically slower in frequency (4—7 Hz) than non-cholinergically-mediated type-1 theta (7-12
Hz); and the former has been linked to anxiety-like behaviors (Sainsbury et al., 1987; Shin et
al., 2009). It is tempting to interpret the present data similarly, that is, as showing a specific
relationship between type-2 theta in the left temporal hippocampus and anxiety. Drawing
this comparison is too speculative, however, and there are important exceptions to the
observation that type-1 and type-2 theta are spectrally distinct (McNaughton & Sedgwick,
1978; Sainsbury & Montoya, 1984; Vanderwolf, 1975). It does raise important questions
about whether low or high theta can be modulated by cholinergic agents and thus whether
the two theta bands studied here can be pharmacologically dissociated. This would be an
important avenue to pursue. To the extent that human hippocampal theta can be linked to
cholinergic processes, these findings may provide potential grounding of mechanisms that
underlie the anxiolytic effects of cholinergic antagonists such as scopolamine (Furey et al.,
2010).

In contrast to the relationships found between left hippocampal theta and navigation
performance and anxiety, no evidence emerged in the right hippocampus. This is surprising
in light of the well-established role of the right hippocampus in spatial processes (Burgess et
al., 2002). However, these results are consistent with our previous findings for human
hippocampal theta (Cornwell et al., 2008; 2010; also see de Araujo et al., 2002), and in a
recent human intracranial EEG study specifically investigating lateralized oscillatory
patterns during navigation, hippocampal theta was not found to be lateralized (Jacobs et al.,
2010). Several factors could be contributing the leftward bias in our data. From a
sensorimotor perspective of hippocampal theta (Bland & Oddie, 2001), right-lateralized
manual control of navigation in this task could be engaging contralateral structures more
than ipsilateral ones. The slight gender bias in our sample (13 men, 12 women) may also be
a contributing factor, given evidence that the left hippocampus may be recruited more
strongly in men than women (Gron et al., 2000). Moreover, this null result for the right
hippocampus could be a consequence of our focus on the first 2 s of each trial, when
participants were generally still, given evidence that the right septal hippocampus may play
an ongoing role in active navigation but less so during early periods (Xu et al., 2010).

More theoretically interesting, our results could be driven by the kind of spatial cognitive
strategies employed, which has been shown to be influenced by acute stress (Schwabe et al.,
2007), and how central a role episodic memory retrieval plays in navigating (Burgess et al.,
2002). Along these lines, 1gloi and colleagues (2010) present fMRI evidence indicating that
map-based navigation (allocentric spatial processing) recruits the right hippocampus while
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route-based navigation (sequential egocentric spatial processing) activates the left
hippocampus. Although there are no structurally-defined routes to follow in the virtual pool
(like in a T-maze or Starmaze), participants repeatedly navigated to the hidden platform
from four starting points, the same starting points during training on the visible platform
trials. This repetition could have promoted the use of sequential egocentric spatial
knowledge to guide navigation to the hidden platform. Accordingly, procedural
modifications that force generation of novel routes may be critical to shifting participants to
a map-based allocentric strategy that might entail greater recruitment of the right
hippocampus.

Regarding the absence of anxiety-related right hippocampal theta activity, previous
neuroimaging data provide a mixed picture of left (Marshner et al., 2008) versus right
(Alvarez et al., 2008; Hasler et al., 2007) hippocampal involvement in aversive contexts;
animal research rarely addresses questions of lateralized hippocampal function (Klur et al.,
2009). It is therefore unclear whether the leftward bias for temporal low theta is meaningful
or stems from low statistical power. For instance, it is possible that the predominant use of a
sequential egocentric strategy to navigate could result in mediation of other functions to the
left hippocampus, including the processing of affective features of the environment. This
may have facilitated retrieval of episodic knowledge related to previous shock delivery
(Gomez et al., 2009), being particularly prominent in the more anxious participants.

Finally, while our focus here was to investigate cognitive and affective roles of distinct theta
bands without regard to the exact timing of these responses, group-averaged time-frequency
plots of sensor data indicate a differential temporal response: high theta peaking between
500 and 750 ms and low theta peaking between 1000 and 1750 ms (Figure 3). Based on how
the first few seconds of each trial typically unfold, the relative timing of these theta-band
responses may also reflect on their potential functional roles. At trial onset, participants
faced the pool’s edge with limited visual access to the distal cues surrounding the pool (i.e.,
one cue was visible). The early high-frequency theta might facilitate spatial orienting by
pattern completion when one’s position is relatively ambiguous. The subsequent low-
frequency theta appears (roughly) as participants turn from the pool’s edge and its layout
comes into full view. This response could be related to retrieval of specific episodic memory
traces, including spatio-temporal features of previous shock delivery. These interpretations
are tentative given the complexity of processes underlying spatial navigation and the
behavioral variability across trials and individuals. A more detailed investigation of the
temporal courses of distinct theta-band activity may provide further insight into their
functional differentiation.

To summarize, we present data indicating a role for the human hippocampus in both spatial
cognition and anxiety. Clear evidence for these distinct functional correlates was observed in
the left hippocampus, indicating that the septal (posterior) third is preferentially involved in
spatial cognition while the temporal (anterior) third is involved in anxiety. A further
distinction emerged between high (4-8 Hz) theta activity underlying better navigation
performance and low (2-6 Hz) theta activity underlying self-reported anxiety level.
Pharmacological investigations with cholinergic compounds are needed to address whether
these two theta signals are functionally homologous to type-1 and type-2 theta in rodents. It
should also be recognized that the anatomical and spectral dissociations reported here should
be considered quantitative and do not necessarily reflect qualitatively different functions. As
alluded to earlier, a potential non-monotonic relationship between anxious arousal and
cognitive performance might indicate a more complex set of underlying mechanisms that
was not fully illuminated here. Nevertheless, these findings should foster more precise
hypotheses of hippocampal function and dysfunction in conditions ranging from
posttraumatic stress disorder (Bonne et al., 2008) to Alzheimer’s disease (Henneman et al.,
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2009). Equally provocative, these distinct relationships of hippocampal theta should help
specify targets for evaluating the efficacy of both candidate anxiolytics and pro-cognitive
compounds /n humans (McNaughton et al., 2007).
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Diagram of the virtual Morris water maze task. Two runs of 40 trials were completed, half
during threat of shock (T) in one pool environment and half during safety (S) in another pool
environment. The platform was visible or above the water in the first run, and hidden or
submerged in the same location in the second run. Participants completed a block of 4 trials
(red and black hash marks) within a pool before alternating to the other, starting from each
of four random locations at the pool’s edge. In the threat pool, shocks (lightning bolts) were
delivered on 5 different trials per run.

Hippocampus. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Cornwell et al.

Heading error (Vdeg)

Page 19

vl v2 v3 v4 VS hl1 h2 h3 hd4 hS

weeThreat - Safe

Figure 2.

Enhanced spatial navigation to the hidden platform during threat. Mean heading error
(square-root transformed) for threat and safe conditions is shown for visible platform trials
(v1-v5), hidden platform trials (h1-h5). Error bars represent standard errors of the mean.
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Figure 3.

Induced spectral differences in navigation-related oscillatory activity between threat and
safe conditions. Grand-averaged (/= 25) time-frequency plots of differential navigation-
related activity (threat - safe) for the hidden platform run. Data are unsmoothed and
normalized to a 1-s baseline period (not shown). The first 2 seconds of the trial is averaged
for sensors (axial gradiometers) overlying left and right temporal cortices separately (purple-
colored in the sensor array). Arrows highlight two peak spectral differences in the theta band
between threat and safe conditions. Time is relative to trial onset.
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Figure4.

Hippocampal region-of-interest (ROI) theta predicts navigation performance and anxiety
level. Partial regression plots (with least square lines) show relationships between
differential (threat — safe) left hippocampal ROI high theta (4-8 Hz) and differential heading
error (left), and between differential left hippocampal ROI low theta (2—-6 Hz) and
differential anxiety in the hidden platform condition (right). A mask of the left hippocampus
(in yellow) is overlayed on a standardized brain, highlighting septal and temporal thirds of
the hippocampus from which data were extracted for regression analyses. Note that smaller
differential heading errors reflect better performance during threat relative to safe
conditions. Hipp = hippocampus; L = left.

Hippocampus. Author manuscript; available in PMC 2013 September 01.



