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Human Retrosplenial Cortex Displays Transient Theta Phase
Locking with Medial Temporal Cortex Prior to Activation
during Autobiographical Memory Retrieval

Brett L. Foster,* Anthony Kaveh,* Mohammad Dastjerdi, Kai J. Miller, and Josef Parvizi
Laboratory of Behavioral & Cognitive Neurology, Stanford Human Intracranial Cognitive Electrophysiology Program, Department of Neurology &
Neurological Sciences, Stanford University, Stanford, California 94305

The involvement of retrosplenial cortex (RSC) in human autobiographical memory retrieval has been confirmed by functional brain
imaging studies, and is supported by anatomical evidence of strong connectivity between the RSC and memory structures within the
medial temporal lobe (MTL). However, electrophysiological investigations of the RSC and its interaction with the MTL have mostly
remained limited to the rodent brain. Recently, we reported a selective increase of high-frequency broadband (HFB; 70 -180 Hz) power
within the human RSC during autobiographical retrieval, and a predominance of 3—-5 Hz theta band oscillations within the RSC during the
resting state. In the current study, we aimed to explore the temporal dynamics of theta band interaction between human RSC and MTL
during autobiographical retrieval. Toward this aim, we obtained simultaneous recordings from the RSC and MTL in human subjects
undergoing invasive electrophysiological monitoring, and quantified the strength of RSC-MTL theta band phase locking. We observed
significant phaselocking in the 3- 4 Hz theta range between the RSC and the MTL during autobiographical retrieval. This theta band phase
coupling was transient and peaked at a consistent latency before the peak of RSC HFB power across subjects. Control analyses confirmed
that theta phase coupling between the RSC and MTL was not seen for other conditions studied, other sites of recording, or other frequency
ranges of interest (1-20 Hz). Our findings provide the first evidence of theta band interaction between the human RSC and MTL during

conditions of autobiographical retrieval.

Introduction

The ability to memorize new environments, and the events asso-
ciated with them, provides an important survival function. The
neural systems underlying this adaptive behavior have been iden-
tified in growing detail in the rodent brain (Buzsaki, 2005). While
the hippocampus and medial temporal lobe (MTL) cortical
structures show direct coding for spatial and episodic informa-
tion (Bird and Burgess, 2008), it is the retrosplenial cortex (RSC)
that has been implicated as a putative convergent region (Dama-
sio, 1989), essential to constructing coherent representations for
retrieving and navigating previously experienced events and en-
vironments (Epstein, 2008; Vann et al., 2009; Ranganath and
Ritchey, 2012). In line with these findings, anatomical tracing
studies in non-human primates (Kobayashi and Amaral, 2003;
Parvizi et al., 2006; Aggleton et al., 2012), as well as human brain
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imaging studies (Greicius et al., 2009; Margulies et al., 2009),
show a strong reciprocal relationship between the RSC and MTL.

To date, our understanding of RSC and MTL interactions
in the human brain is predominantly derived from neuroim-
aging studies, which provide limited information about the
temporal dynamics of interaction. While electrophysiological
recordings can provide higher temporal resolution, such re-
cordings from the human RSC have only been possible with an
invasive intracranial approach. The anatomical location of
the RSC—hidden within the medial cortical surface closely
tucked under the splenium of the corpus callosum as its name
infers—makes it inaccessible to noninvasive explorations with
scalp electroencephalography.

Recently, we have begun to explore the electrophysiological
dynamics of the human RSC (Dastjerdi et al., 2011; Foster et al.,
2012), as part of a wider intracranial investigation into the human
posteromedial cortex (PMC) (Parvizi et al.,, 2006). Extending
previous electrophysiological evidence suggesting a suppression
of neural activity in the human PMC during externally directed
attentional effort (Miller et al., 2009; Jerbi et al., 2010; Dastjerdi et
al., 2011; Ossandon et al., 2011), we recently reported that human
RSC displays a clear suppression of activity during simple arith-
metic calculations, but electrophysiological activation during
conditions of autobiographical episodic memory retrieval (Fos-
ter et al., 2012). Consistent with previous literature (Lachaux et
al., 2012), these cortical responses were best captured by a high-
frequency broadband (HFB) power range (~70-180 Hz). In ad-
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Experimental task and electrode localization. a, All subjects performed a simple behavioral task requiring true/false (button press “1”/“2") judgments of either autobiographical

statements (self-episodic) or arithmetic equations (math) as previously described (Foster et al., 2012). These conditions had a variable RT duration and were randomly interleaved by a fixed 5 s rest
period (rest). The interstimulus interval (ISI) was 200 ms; however, no ISI followed the occurrence of rest trials. b, Intracranial electrodes were localized in each subject by aligning post implant CT
images with preoperative higher resolution MRI images, and then projecting electrode coordinates to the segmented cortical surface (Hermes et al., 2010). Adapted from Foster et al., 2012 with
permission. ¢, Electrodes were anatomically classified in each subject using common sulcal and gyral landmarks on the ventromedial surface. pos, parieto-occipital sulcus; cos, collateral sulcus; RSC,
retrosplenial cortex; PHG, parahippocampal gyrus; ERC, entorhinal cortex (Parvizi et al., 2006; Weiner and Grill-Spector, 2013).

dition, we have also demonstrated that human RSC displays theta
band oscillations (3—5 Hz) during rest, which in turn phase mod-
ulate local HFB amplitude (Foster and Parvizi, 2012). This theta
phase modulation reflects an important oscillatory motif seen
throughout the MTL of many species including humans, which
may be important for organizing neural dynamics during condi-
tions of learning and memory (Buzséki, 2005; Fell and Axmacher,
2011).

In light of extant data, the present study aimed to explore
task-related theta phase locking between RSC and MTL in human
subjects. We hypothesized that this coupling would be specific to
the theta band range during conditions of autobiographical
memory retrieval, and therefore not be observed for other fre-
quencies, conditions, or locations studied.

Materials and Methods

Subjects. Intracranial recordings from four subjects (mean age = SD =
32 = 12 years) with refractory epilepsy are reported here. These subjects
come from a larger cohort previously reported (Foster et al., 2012) and
were selected because of their unique simultaneous electrode coverage
over the RSC and MTL, as required for our specific aim. All subjects
(S1-S4) were implanted with cortical surface electrodes. Depth record-
ings from the MTL (e.g., hippocampus) were not acquired. This unique
sample is balanced for gender (female/male = 2/2), hemisphere (right
(R)/left (L) = 2/2), and cross-balanced for hemisphere within gender
(female = 1L/1R; male = 1L/1R). Disease foci differed between subjects,
with S2 and S3 having epileptic foci in the right and left MTL, whereas S1
and S4 had occipital and insular epileptic foci, respectively. All subjects
were implanted as part of a clinical assessment for neurosurgical resec-
tion at Stanford Medical Center, and provided written informed consent
to participate in the study described below, which was approved by the
Stanford Institutional Review Board.

Data recording and experimental task. Electrocorticographic (ECoG)
potentials were recorded subdurally from the cortical surface with strip
and grid electrodes (Adtech Medical Instruments), using a multichannel
research system (Tucker Davis Technologies). ECoG signals were ac-
quired at a sampling rate of 3052 Hz and with a 0.5-300 Hz bandpass
range. All recordings were referenced to a clinically selected ECoG elec-
trode and were subsequently re-referenced for data analysis (described
below). Stimulus events were simultaneously recorded by the same sys-
tem using a TTL pulse input triggered by a photodiode sensor attached to
the display of the presentation laptop. As previously described (Foster et
al.,, 2012), ECoG signals were continuously recorded and time locked to
the performance of a cognitive task that robustly modulates HFB activity
in the RSC. In brief, this task requires true/false judgments (button press

“1” or “2”) of episodic autobiographical statements (self-episodic condi-
tion) or arithmetic equations (math condition), which are randomly
interleaved with periods of fixation (rest condition; Fig. 1a). For exam-
ple, all subjects responded to the same set of self-episodic sentences such
as “T ate fruit yesterday” or “I drank coffee this morning,” and simple
arithmetic equations such as “59 + 7 = 66” or “8 + 65 = 73” (for all
stimuli see Foster et al., 2012). Although subjects provided true or false
judgments for the autobiographical statements, we did not retrospec-
tively investigate their veracity, which can be difficult to objectively as-
certain for many of the stimuli.

Data analysis. In light of previous evidence for selective event-related
electrophysiological changes in RSC during the task conditions described
above (Foster et al., 2012), we sought to relate the dynamics of this
response to the MTL. To do this, we studied subjects with simultaneous
electrode coverage over both RSC and MTL. Electrode locations were
confirmed and classified using both 2D CT-MRI fused images viewed
orthogonally and by high-resolution 3D cortex-electrode reconstruc-
tions (Hermes et al., 2010; Foster et al., 2012) (Fig. 1b). In the current
context, recording sites medial to the collateral sulcus constituted the
“MTL” cortices whereas sites proximal to the splenium of the corpus
callosum (BA 29/30) and dorsal to the parahippocampal gyrus (PHG)
constituted the RSC, as described in our previous work (Parvizi et al.,
2006; Foster et al., 2012) (Fig. 1c). We used bipolar referencing (see
below) and labeled each pair of electrodes as being in the RSC or MTL if
both electrodes or only one electrode of the pair was within these ana-
tomical regions of interest.

We aimed to test the hypothesis that RSC would display selective theta
band phase coupling with the MTL only during autobiographical mem-
ory retrieval (self-episodic condition). To support the validity of this
prediction, we used surrogate data, and applied three domains of control
to verify that our results were specific to the following: (1) the self-
episodic condition (task control), (2) the RSC-MTL (region control),
and (3) the theta band range (frequency control).

Before time-frequency analysis, the data was re-referenced to sequen-
tial next-neighbor bipolar pairs (e.g., A-B, B-C, C-D...) from within
electrode strips, and when appropriate, between electrode strips of ap-
proximately the same center-to-center interelectrode distance (~10 mm;
Fig. 2a). Although common average referencing is a standard practice for
the analysis of ECoG data, bipolar referencing is commonly used to
greatly reduce the spurious influence of volume conduction and shared
reference upon estimates of temporal synchrony (Nunez et al., 1997;
Lachaux et al., 2003; Niedermeyer and Lopes da Silva, 2005). As depicted
in Figure 2, bipolar referencing is simply the pointwise subtraction of two
recorded time series, producing a common mode rejection of shared
temporal features (e.g., hardware drift, reference drift, line noise, etc.)
that may exist across all recording sites and therefore produce spurious
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Figure 2.  Data analysis. a, Using subdural electrodes (e.g., linear strip arrays) raw ECoG signals (voltage) are recorded from each electrode (iii; electrodes A and B), initially referenced to a

clinically chosen site elsewhere. These raw signals are then pairwise re-referenced using a sequential next-neighbor bipolar subtraction, which is simply the pointwise voltage difference between
two adjacent electrodes (iii; e.g., electrode A— electrode B, B—C, (D, D—E). Each differentiated channel pair of interest (e.g., A—B, Region 1 = R1) is filtered (convolved with a wavelet) for a specific
frequency (e.g., 4 Hz) to obtain a complex valued time series containing instantaneous amplitude (iv; a,,) and phase (v; ¢,,) information (note: phase ¢,, is shown here as cos ¢,,). b, To quantify
phase locking between two regions of interest (e.g., R1 and R2), the time-varying phase values (pR1,,and ¢pR2,,) are first determined as in a. For a given condition of interest the trial averaged
PLV can be estimated at each time point following stimulus presentation. Across trials, the angular difference between the two phase series from R1and R2 is calculated for the same time point with
respect to stimulus onset. For a given time point ¢, . . (where Nis trial number and Tis time from stimulus onset), the phase difference is calculated (e.g., ¢R17, 4, — PR2yy ;. fortrial
1). ¢, Collecting the phase angle difference of each trial provides, for the time point of interest, a circular distribution of unit vectors in the complex plane, the average of which is the PLV (red lines
indicate example trials 1-3 shown in b; synthetic data). Therefore, the PLV is the circular mean (absolute vector length) of all the trials for that time point. d, By repeating this calculation for each
time point with respect to stimulus onset the time resolved PLV for a particular condition is constructed.

interelectrode correlations in amplitude or phase. To estimate amplitude
and phase changes within and between RSC and MTL, the re-referenced
data were transformed into time-frequency space using a wavelet ap-
proach (Le Van Quyen et al., 2001; Le Van Quyen and Bragin, 2007). A
Morlet wavelet was convolved with the entire recorded time series from
each bipolar montage to obtain a time-frequency decomposition, esti-
mated using 5 cycles per frequency for the amplitude/phase at each time
point (1 Hz steps; Theta: 3—8 Hz; HFB: 70180 Hz). The resulting com-
plex valued signal provides an instantaneous estimate of amplitude and
phase for each center frequency. Changes in spectral power were calcu-
lated by taking the squared amplitude averaged across trials for the fre-
quency range of interest, normalized to the mean of the entire power time
series.

As commonly employed, phase-locking value (PLV) was used to esti-
mate the synchronization between RSC and MTL (Lachaux et al., 1999)
for each theta band center frequency (i.e., 3, 4, 5, 6, 7, and 8 Hz). Figure
2 provides a schematic for the estimation of PLV. Briefly, PLV estimates
the across-trial consistency of angular phase difference between two time
series (regions 1 and 2, e.g., RSC and MTL; Fig. 2b), for a specified
frequency and condition. Intertrial consistency of relative phase position
between two regions is thought to reflect direct or mediated temporal
coordination of functional relevance (Le Van Quyen and Bragin, 2007).
For the PLV, the overall degree of phase consistency between two regions
is defined as the circular mean (absolute vector length) of phase angle
difference across all trials distributed in the complex plain (Fig. 2c).
Therefore, in its raw form, a time-resolved PLV can be obtained for each
condition, taking a range of 0—1 (given the unit circle), where 1 is perfect
phase locking (Fig. 2¢,d). Given that the observed PLV at each time point
is a singular value obtained by collapsing across trials, we used resam-
pling statistics to obtain an estimate of PLV variance (error). Whereby,
the PLV at each time point was recalculated using the same number of
trials as the original calculation, however, trials were randomly selected
with replacement (i.e., same trial can be selected multiple times) for each
recalculation (Maris, 2012). This process was repeated 1000 times to
provide a distribution of the PLV at each time point (used for error bars
in Figs. 3 and 5).

As signal noise can produce non-zero PLV estimates, we subsequently
used a standard randomization approach for phase-locking statistics
(Lachaux et al., 1999) to compute a PLV significance threshold. To de-
termine a chance level, we re-estimated the PLV between two regions by
comparing experimental phase data (correctly ordered) in region 1 (e.g.,
RSC) to randomly selected data segments of equal trial duration from the
second phase series (region 2; e.g., MTL). By shuffling the temporal
relationship between phase series from the two regions of interest,
one can iteratively build a distribution of chance PLV levels (i.e.,
characterize non-task noise factors contributing to intertrial phase
consistencies). Therefore, we performed this shuffling procedure 200
times for each tested PLV pair, taking the maximum PLV of each
iteration to build a surrogate distribution for comparison with the
observed PLV. Identifying where the observed PLV falls within this
surrogate (i.e., null) distribution allows for the direct assignment of a
p value (i.e., the probability of getting a value greater than the ob-
served value given the null distribution) (Lachaux et al., 1999; Maris,
2012). Any electrode pairs with time points showing p values <0.05
after stimulus presentation (0—1500 ms) were judged to be signifi-
cant, and selected for further analysis.

Results

Subjects performed well on the task responding to all trials
(mean number of valid-trials: self-episodic = 47, math = 48,
rest = 27). Mean reaction times were 2.3 s (+£0.90) for the
self-episodic condition and 2.9 s (£0.88) for the math condi-
tion. The rest condition had a fixed duration of 5 s with no
response required. When considering true versus false judg-
ments on average, the self-episodic condition contained more
false than true judgments (true/false = 26/74%), with compa-
rable reaction times (RT true/false = 2.49/2.24 s). Conversely,
the math condition contained on average more true than false
judgments (true/false = 75/25%), with longer RTs for false trials (RT
true/false = 2.64/3.62 s).
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Electrode locations and theta phase-locked regions. a— d, Medial view of electrode locations for each of the four subjects (S; M = male, F = female) showing coverage over the RSC (orange) and

MTL (turquoise). As bipolar referencing s used, some electrodes are included (colored) because they were part of an electrode pair with one electrode being within the region of interest. Theta band phase locking
was tested for all possible RSC—MTL combinations in each subject for each condition (self-episodic, math, and rest). Significant theta band phase locking was only observed for the self-episodic condition (i.e.,
contained PLV time points with *p << 0.05 when compared with surrogate data; see Materials and Methods). Only one set of RSC—MTL sites was identified as significant in each subject for the self-episodic
condition. The significantly coupled RSC—MTL pairs for the self-episodic condition are highlighted for each subject. Bar plots show the related change in raw theta band PLV across conditions for the highlighted
electrode pairs. These change values reflect the mean PLV value averaged over a poststimulus window of 0 —500 ms, after being normalized to the prestimulus period. Means and SE (error bars) were estimated
using resampling statistics (see Materials and Methods). Note that while changes in PLV for the math and rest condition may differ and be above zero, these values were not significantly different from surrogate

data (p > 0.05).
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Based on our a priori hypothesis, theta phase locking was
estimated between all valid RSC and MTL bipolar pairs (defined
above) within each subject for the three conditions (self-episodic,
math, and rest) and for each theta band center frequency (3-8
Hz, 1 Hz step). Including control sites (see below), a total of 44
PLV pairs were compared. As predicted, theta phase locking was

only observed for the self-episodic condition when compared
with surrogate data for each subject (threshold p < 0.05 uncor-
rected, see Materials and Methods). Across subjects, only one set
of RSC-MTTL sites was identified as significant in each subject for
the self-episodic condition (Fig. 3). Also across subjects, signifi-
cant theta band phase locking was consistently limited to the 3—4
Hzrange (S1: 4 Hz, S2: 4 Hz, S3: 4 Hz, S4: 3 Hz). In the text below,
theta band phase locking refers specifically to these center fre-
quencies for each subject. For these significantly coupled regions,
the maximal PLV occurred at a latency between 200 and 600 ms.
In turn, theta phase locking was significantly greater for the self-
episodic condition compared with the math or rest conditions
across subjects (both p < 0.01, Wilcoxon rank, Bonferroni cor-
rected). After identifying the four significantly coupled RSC—
MTL pairs for the self-episodic condition (one in each subject),
we then estimated the coupling of these sites (RSC and MTL pairs
separately) to active control regions. Across subjects, these ran-
domly chosen sites (i.e., a single pair of electrode contacts) were
located in the right primary visual cortex, left fusiform gyrus,
right fusiform gyrus, and left primary motor cortex in subjects
1-4, respectively. These sites differed between subjects because of
variations in electrode coverage, which was determined by clini-
cal factors. Although these control regions showed generic task
changes (e.g., motor cortex HFB response to button press or
ventral-temporal HFB response to stimulus presentation), we
observed no significant theta phase locking between these active
control sites and the identified RSC or MTL coupled pairs during
the self-episodic condition when compared with surrogate data
(p > 0.05). Together these findings suggest that RSC-MTL theta
phase locking was only present during the self-episodic condition
and only between selective pairs of electrodes in each subject, and
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therefore was not present during other conditions or other re-
gions recorded. We focused our subsequent analyses on these
significantly coupled RSC-MTL sites.

In identifying significant RSC-MTL pairs of theta phase lock-
ing during the self-episodic condition, we observed a strikingly
consistent anatomical selectivity of interaction. In each subject,
the MTL interaction only existed for the RSC pair that was shown
to respond selectively and most strongly (in the HFB range) dur-
ing autobiographical memory statements. For these RSC sites,
HFB power was significantly greater for the self-episodic condi-
tion, when compared with either the math (p = 0.03, Wilcoxon
rank) or rest condition (p = 0.05, Wilcoxon rank) across sub-
jects. Figure 4 shows the average change in HEB power for each
condition across subjects (RSC and MTL). In S1 and S4, there
were several electrodes abutting the RSC and nearby PMC, but
only the electrode pair with the greatest HEB response during the
autobiographical condition had significant phase locking with
the MTL. Across subjects, theta phase coupling was seen between
ventral RSC and anterior-mid MTL structures (Fig. 3). This find-
ing is important because it suggests that the observed phase lock-
ing is not simply a function of proximal electrodes sharing
measurement sources. During 3D electrode-brain reconstruc-
tions, we noted that the RSC electrode pairs in S1 and S2 were
projected at the RSC/PHG border (i.e., one electrode seemed to
be in the RSC while the other in the PHG). However, reviewing
the 2D individual brain CTs suggested that these electrodes were
within the RSC boundaries. It should also be noted that in S1 and
S2, the adjacent PHG-only pairs did not produce any significant
phase locking with anterior MTL pairs. Additionally, the RSC
electrodes in S3 and S4 are clearly within the RSC borders (both

on 2D images and 3D projections), and yet reproduced the same
findings as S1 and S2, supporting the RSC origin of the phase
locking effect.

Temporally, we also observed a consistent dynamic of theta
phase locking across subjects. As shown in Figure 5, theta PLV is
elevated early, but appears to have differing latencies of peak
value between subjects. This latency and variation of peak theta
phase locking is of great relevance to our previous observations
regarding the latency of RSC HFB activation during episodic re-
trieval (Foster et al., 2012). Whereby, RSC HFB power typically
had a late onset (=400 ms) and time to peak, but was early in
response when compared with more dorsal regions of the PMC.
Given this consistent delay in RSC activity, we previously hypoth-
esized that relevant processes in the ventral and medial temporal
lobe would precede RSC engagement (Foster et al., 2012). Despite
this individual variability, when the RSC-MTL theta PLV time
course is plotted together with the HFB power in RSC, a consis-
tent temporal relationship is observed in each subject: The mag-
nitude of phase locking between RSC-MTL consistently rises and
peaks prior to the peak of RSC HFB power, with a typical lag of
~300—400 ms between the two maxima. Therefore, before HFB
activation, RSC displays a transient peak of phase locking in the
theta band with anterior MTL cortices. It is important to note
that a similar relationship was not observed for HFB power
changes in coupled MTL pairs. HFB power change in MTL sites
was not significantly different for the self-episodic condition
compared with either the math (p = 0.34, Wilcoxon rank) or rest
(p = 0.69, Wilcoxon rank) conditions across subjects (Fig. 4). In
addition, we did not observe any significant differences in theta
band power across conditions for either RSC or MTL (all p >
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0.05, Wilcoxon rank). This temporal relationship also recapitu-
lates the functional dependence noted above, which is that RSC—
MTL theta phase coupling was only observed for RSC sites
displaying selective increases in HFB power to the self-episodic
condition.

After testing our a priori hypothesis of selective theta band
phase locking during the self-episodic condition, we then wid-
ened our frequency range of interest a posteriori for these iden-
tified pairs to see if any other frequencies displayed coupling
(1-20 Hz, 1 Hz steps). Across subjects, theta phase locking for the
self-episodic condition was maximal around 3—4 Hz, when ini-
tially focusing on the 3-8 Hz range. As shown by the time-
frequency example in Figure 64, phase locking was indeed limited
to this theta band range and typically not any other frequencies
up to 20 Hz. Across subjects, the distribution of mean PLV (sur-
rogated controlled) was defined by the same 3—4 Hz peak within
the theta band range, and also a more minor 8 Hz peak as shown
in Figure 6b.

In light of this theta band specificity, we subsequently ex-
plored the temporal correlation between theta PLV and theta
band power changes in MTL and RSC. For each subject we cal-
culated a moving window correlation for RSC-MTL theta PLV
and theta band power at both RSC and MTL for all conditions.
Across all conditions and locations (RSC and MTL), there was no
significant relationship between theta band power and theta band
phase locking (r = 0.052, p = 0.38). However, when considering
each location separately, there were three significant correlations.
Within RSC, theta band phase locking and theta band power
showed a moderate positive correlation for the self-episodic con-
dition (r = 0.43, p < 0.008), and a negative correlation for the
math condition (r = —0.59, p < 0.008) across subjects. Within
the MTL, theta band phase locking showed a moderate negative
correlation with theta band power during the math condition
(r = —0.42, p < 0.008) across subjects. No other significant
correlations for either region across conditions were observed
(Bonferroni corrected).

Discussion
Using simultaneous recordings from human RSC and MTL cor-
tex, we observed selective and transient theta band phase locking
during autobiographical memory retrieval. Further analysis con-
firmed that this coupling was not seen for other studied condi-
tions, other sites of recording, or other frequency ranges of
interest. Anatomically, this coupling reflected ventral RSC and
anterior MTL cortices. Temporally, theta phase coupling was
maximal before peak activation of RSC, as indexed by increased
HFB power, with a consistent temporal lag between the maxima
of these two responses. Together, these findings provide the first
electrophysiological evidence of a theta band-mediated interac-
tion between the human RSC and MTL during conditions of RSC
functional activation. These anatomical and temporal properties
of the observed phase locking are consistent with the findings of a
number of previous studies across species that have reported a
strong relationship between the RSC and MTL (Vann et al,,
2009). In addition, the theta band nature of this coupling also
reflects a common oscillatory signature of interaction with the
MTL. Therefore, our findings provide an important advance in
studying human RSC function and its contribution to autobio-
graphical memory retrieval via dynamic oscillatory interactions
with the MTL.

Theta band oscillations have long been associated with mem-
ory processing in the MTL (Fell and Axmacher, 2011). We ob-
served that theta phase locking was maximal around 3-4 Hz
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Figure 6.  RSC—MTL phase locking is specific to the theta band range. a, Example time-
frequency plots (shown for $2) of phase locking between RSCand MTL pairs for each condition
(color map indicates —log(p) value based on comparison with surrogate data, e.g.,
—log(0.05) = 2.99). Phase locking was specific to the theta band range and centered around
3—4Hz, only for the self-episodic condition. b, Distribution of mean (with SE) surrogate con-
trolled PLV across all subjects (S1-54) for each condition, estimated by averaging values from 0
t0 500 ms after stimulus onset (note: p values are lower than observed maximal values because
of temporal averaging). Mean PLV distributions show a main 3—4 Hz peak and also a minor
secondary 8 Hz peak for the self-episodic condition, whereas math and rest conditions are
comparatively flat.
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specifically during autobiographical retrieval. This frequency
range strongly overlaps with the intrinsic resting frequency of
theta oscillations in the human PMC region, which has been
shown to phase couple with HFB power at rest (Foster and
Parvizi, 2012). Related to this observation, Lega et al. (2012) re-
cently reported that across a large number of human hippocam-
pal intracranial recordings, episodic memory effects were most
associated with a 3 Hz theta oscillation. In addition, these authors
also observed a faster 8 Hz theta rhythm in the hippocampus,
which differs in its relationship to memory effects and spatial
distribution, and is also detected in nearby temporal cortex (Lega
et al., 2012). The observation of these two motifs bears some
resemblance to our observations of a maximal peak at 3—4 Hz
and a secondary minor peak at 8 Hz in the distribution of phase
locking between RSC-MTL. We note that our data did not con-
tain depth electrode recordings directly from the hippocampus
proper, limiting a direct comparison. However, work in rodents
has shown the preferred firing resonance within the ventromedial
region of the entorhinal cortex to peak around 4 Hz (Giocomo et
al., 2007). We also note, however, that the period of theta rever-
berations in the MTL may differ across species (Lega et al., 2012).
With these important caveats in mind, our findings support the
possibility of multiple theta band oscillatory mechanisms
throughout the MTL and cortical memory systems that are of
great interest for future investigations (Watrous et al., 2013).

Growing empirical evidence supports the role of field poten-
tial oscillations in modulating local spike timing (Jacobs et al.,
2007; Frohlich and McCormick, 2010; Anastassiou et al., 2011),
and in coordinating interareal correlations of spiking activity
(Fries, 2005; Womelsdorf et al., 2007; Canolty et al., 2010). The
influence of theta oscillations upon the timing of spikes in the
MTL, particularly hippocampal and rhinal cortices, is a striking
and relevant example of spike-field interaction (Fell and Axm-
acher, 2011). While these interactions have chiefly been charac-
terized in the rodent brain, evidence from intracranial recordings
suggests a similar role in human memory function. For example,
Rutishauser et al. (2010) reported significantly stronger theta
range spike-field coherence in the human hippocampus for items
subsequently remembered in a visual recognition paradigm.

In addition to local spike-field interactions, oscillatory activity
can be synchronized between distal brain regions (Varela et al.,
2001; Siegel et al., 2012). Such long-range correlations are often
observed for slower frequency (<40 Hz) rhythms as phase—phase
(matched frequency or integer multiple frequencies) or as phase—
amplitude coupling (Canolty and Knight, 2010; Donner and Sie-
gel, 2011; Fell and Axmacher, 2011). Temporal alignment of
oscillatory activity may provide an efficient mechanism for coor-
dinating spiking activity between distal regions by transiently
synchronizing periodic oscillations to which local spiking dis-
plays some entrainment or temporal relationship (Fries, 2005;
Canolty et al., 2010; Miller et al., 2012).

Given that the observed phase locking we report was transient
and always proceeded the activation of RSC, one may conceive this
to reflect a trigger event originating between the MTL and RSC lead-
ing to regional RSC functional activation in the HFB range (Foster et
al., 2012). Such a transient influence may reflect an event of RSC—
MTL temporal alignment to improve inter-regional communica-
tion; however, it may also reflect the converse, allowing
disengagement (misalignment) of the RSC for subsequent local pro-
cessing (Donner and Siegel, 2011). It is therefore important to note
that a variety of differing temporal activities may contribute to in-
creased estimates of PLV, including phase resetting (i.e., intertrial
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phase locking/coherence for a given region; Tallon-Baudry et al.,
1996; Delorme and Makeig, 2004).

Measures of phase synchrony or phase coherence, like the
PLV, assume that temporal consistencies between two regions
reflect a direct or mediated interaction of functional relevance.
However, such techniques, while being computationally effi-
cient, are subject to common limitations of multiple bivariate
statistical testing and spatial sampling. Although surrogate data
testing and other analytical developments can improve the iden-
tification of genuine interactions (Canolty et al., 2012), they still
remain limited to the spatial sampling of recordings, particularly
for human intracranial data. Therefore, the ability to directly
assess the causal and directional nature of interareal connectivity
requires more controlled methods. One opportunity for future
study is the use of resting state corticocortical evoked potentials,
and event-related electrical perturbation, to more sensitively
probe the functional interaction between regions, like the RSC
and MTL, with intracranial recordings (Matsumoto et al., 2007;
Conner et al., 2011; Beauchamp et al., 2012).

As asubregion of the PMC, the RSC is part of a larger network
of cortical regions that are activated during autobiographical re-
trieval, and are conversely suppressed during conditions of exter-
nally directed attention and working memory (Buckner et al.,
2008). This wider default-mode network (DMN) has received a
great deal of attention in cognitive neuroscience and neuroimag-
ing, but its contributions to cognition are still unclear. Human
intracranial electrophysiology can make unique contributions to
understanding this network by providing precise measurements
of neural population activity at the subsecond timescales over
which cognition and behavior occurs. In addition to pronounced
connectivity with the MTL, the RSC (as part of a larger PMC
complex) shares strong interactions with other nodes of the
DMN, such as the angular gyrus and medial prefrontal cortex
(Fox et al., 2005; Power et al., 2011). Similar to the current study,
it will be important for future investigations to electrophysiologi-
cally explore the interactions between the PMC and these nodes
of the DMN to better understand how this system dynamically
contributes to autobiographical memory retrieval and more
broadly to human cognition.
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