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The hippocampus is a locus of working memory (WM) with anterior and posterior subregions that differ in their transcrip-
tional and external connectivity patterns. However, the involvement and functional connections between these subregions in
WM processing are poorly understood. To address these issues, we recorded intracranial EEG from the anterior and the pos-
terior hippocampi in humans (seven females and seven males) who maintained a set of letters in their WM. We found that
WM maintenance was accompanied by elevated low-frequency activity in both the anterior and posterior hippocampus and
by increased theta/alpha band (3-12Hz) phase synchronization between anterior and posterior subregions. Cross-frequency
and Granger prediction analyses consistently showed that the correct WM trials were associated with theta/alpha band-coordi-
nated unidirectional influence from the posterior to the anterior hippocampus. In contrast, WM errors were associated with
bidirectional interactions between the anterior and posterior hippocampus. These findings imply that theta/alpha band syn-
chrony within the hippocampus may support successful WM via a posterior to anterior influence. A combination of intracra-
nial recording and a fine-grained atlas may be of value in understanding the neural mechanisms of WM processing.
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Working memory (WM) is crucial to everyday functioning. The hippocampus has been proposed to be a subcortical node involved in
WM processes. Previous studies have suggested that the anterior and posterior hippocampi differ in their external connectivity pat-
terns and gene expression. However, it remains unknown whether and how human hippocampal subregions are recruited and coordi-
nated during WM tasks. Here, by recording intracranial electroencephalography simultaneously from both hippocampal subregions,
we found enhanced power in both areas and increased phase synchronization between them. Furthermore, correct WM trials were
associated with a unidirectional influence from the posterior to the anterior hippocampus, whereas error trials were correlated with
bidirectional interactions. These findings indicate a long-axis specialization in the human hippocampus during WM processing. /
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Introduction

Working memory (WM), the “sketchpad of conscious thought”
(Miller et al., 2018), is critical for organizing goal-directed behav-
iors (D’Esposito, 2007). It describes our capacity to temporarily
hold information and adaptively translate it later into a behavioral
response. The hippocampus (Hipp) has been proposed to be a
subcortical node underlying WM. Direct electrophysiological
recordings in the human hippocampus consistently found persis-
tent single-neuron activity (Kaminski et al., 2017; Kornblith et al.,
2017; Boran et al,, 2019), power change (Brzezicka et al., 2019),
and increased phase—amplitude coupling (PAC; Axmacher et al.,
2010) during WM maintenance. These studies modeled the hip-
pocampus as a single, homogeneous entity; however, the hippo-
campus is a complex, heterogeneous structure consisting of
distinct, interacting subregions. Rodent studies suggested that the
ventral (homologous to the anterior in humans) and dorsal (ho-
mologous to the posterior in humans) hippocampi differ in their
connectivity and gene expression patterns (Fanselow and Dong,
2010; Poppenk et al., 2013). Such connectivity and transcriptomic
heterogeneity have recently been validated in humans (Vos de
Wael et al., 2018; Vogel et al., 2020) and provide a rationale for the
functional differentiation along the long axis (Poppenk et al,
2013; Strange et al., 2014). Consistent with this hypothesis, Lin et
al. (2017, 2019) reported that during episodic memory encoding,
the positive subsequent memory effect in the slow-theta range is
greater in the posterior hippocampus (Lin et al., 2017); later, they
found that gamma activity was greater during retrieval than dur-
ing encoding only in the posterior hippocampus (Lin et al., 2019).
Given that mounting evidence shows functional organization
along the longitudinal axis, treating the hippocampus as a func-
tionally uniform structure in WM processing may disregard
potentially useful information about its subregions.

Rodent experiments suggested a critical role of the dorsal but
not the ventral hippocampus in WM processing, with a signifi-
cant WM deficit caused by dorsal but not ventral hippocampal
lesions (Pothuizen et al., 2004). A recent meta-analysis of func-
tional magnetic resonance imaging (MRI) studies involving
humans reported activation of both the anterior Hipp (aHipp)
and the posterior Hipp (pHipp) during WM processing (Grady,
2020). The limited temporal and spatial resolution of this nonin-
vasive MRI technique in human studies has made it difficult to
capture the functional specialization of the hippocampus at a
fine-grained scale. Thus, direct brain recordings precisely located
in hippocampal subregions during WM tasks are required. In
addition, the anatomic connectivity suggests a flow of informa-
tion between the aHipp and the pHipp (Schmidt et al., 2013).
Rodent studies showed increased connectivity between the dorsal
and ventral hippocampi as they engage in WM processing
(Schmidt et al., 2013). However, it remains unknown whether
and how the two hippocampal subregions communicate during
WM in humans. Human intracranial electroencephalography
(iEEG) recordings, with both millimeter spatial precision and
millisecond temporal resolution, even in deep brain regions
(Johnson et al., 2020), offer the possibility of delineating activity
at the hippocampal subregion level and of studying the informa-
tion flow between the two hippocampal subregions in vivo (Lin
etal,, 2017).

Here, we recorded iEEG simultaneously from the aHipp and
the pHipp in 14 presurgical epilepsy patients while they per-
formed a modified Sternberg task. We addressed the following
questions. (1) Does the hippocampus play a single role in WM
processing or is there spatial heterogeneity along the long axis in
its involvement in working memory? (2) Are the aHiPP and the
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pHipp independent or do they interact in WM? (3) Do these
activities or interactions support WM maintenance?

Materials and Methods

Subjects. We used data from 14 adult human subjects (mean * SD
age, 32 £ 12 years; age range, 18-56 years; seven males) in this study. All
subjects were implanted with depth electrodes [diameter, 1.3 mm; 8 con-
tacts of 1.6 mm length; 5 mm spacing between contact centers; Ad-Tech
(www.adtechmedical.com)] in the medial temporal lobe for evaluation
of the surgical treatment of epilepsy. Electrode placement was exclusively
guided by clinical needs, and patient selection was based on MRI-con-
firmed depth electrode placement in the hippocampus contralateral to
or outside of the epileptogenic region. Before testing, all the subjects
provided written informed consent for the study, which had been
approved by the relevant institutional ethics review board (Kantonale
Ethikkommission Ziirich, Approval PB 2016-02055). There were no
seizures recorded during any of the epochs, and any epochs with inter-
ictal epileptiform activity were excluded from analysis.

Experimental design and statistical analyses. WM was tested using a
modified Sternberg task in which the encoding of memory contents,
maintenance, and recall were temporally separated (Fig. 1A). Each trial
started with a fixation period (1 s) followed by the stimulus for 2 s. The
memory content consisted of a set of letters at the center of the screen.
After the disappearance of the stimulus, the maintenance interval was
followed by a fixation square (3 s). After that, the subjects responded
with a button press (“IN” or “OUT”) as fast as possible when a probe
was presented. They were instructed to recall whether the probe was part
of the stimulus. After the response, the subjects were encouraged to
relax, and the next trial was initiated. Each subject performed several ses-
sions with 50 trials per session (226 = 113 trials per subject), and the
order of the stimuli was fully random across sessions.

We then statistically compared the z-scored power between the
aHipp and the pHipp using a cluster-based permutation test, which
computes statistics at the cluster level and corrects for multiple compari-
sons (Maris and Oostenveld, 2007). The differences between the aHipp
and the pHipp were quantified by ¢ values. The t values corresponding
to uncorrected p values of <0.05 were clustered. The differences were
considered significant when the maximum of the cluster-level summed
t values in the true data exceeded the threshold of a Monte Carlo distri-
bution, which was created by randomly shuffling the labels of the out-
comes 1000 times, and p < 0.05 was considered as significant. Such a
comparison was also applied in the phase-amplitude coupling analysis
to assess the task-induced effects from the maintenance period over the
baseline (p < 0.05). In addition, we examined the statistical significance
of the phase locking values (PLVs) of the aHipp-pHipp electrode pairs
by permuting the trials 200 times to create a null distribution and com-
puted the 95th percentile threshold for each pair. The PLVs above the
thresholds were considered to be significant (p < 0.05). A similar permu-
tation test was also applied on the Granger causality (GC) analysis. We
used mixed-effect models (MEMs) to compare the electrophysiological
indexes for two directions of information transfer between the aHipp
and the pHipp. All data analyses were conducted using MATLAB
(MathWorks).

Depth electrode localization. The electrodes were localized using
postimplantation computed tomography (CT) scans and postimplanta-
tion structural T1-weighted MRI scans. For each subject, the CT scan
was coregistered to the postimplantation scan, as implemented in
FieldTrip (Oostenveld et al., 2011). The electrode contacts were visually
marked on the coregistered CT-MR images. To determine the electrode
locations, we used a high-resolution anatomic template (1 mm) devel-
oped in our laboratory (Fan et al., 2016), which parcellates the brain into
246 subregions based on their anatomic connectivity patterns. This tem-
plate has been widely used in past studies (Stolk et al., 2018; Assaneo et
al., 2019; Lee et al., 2021). In this atlas, the hippocampus is divided into
anterior and posterior subregions along the long axis (http://atlas.
brainnetome.org/).

The final dataset contained 94 contacts in the hippocampus includ-
ing 32 contacts in the aHipp and 62 contacts in the pHipp across all
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Figure 1. Working memory task, recording sites in the hippocampus, and time—frequency power. 4, An example trial of the task. Each trial consisted of a set of consonants (encoding, 2 s),
followed by a delay (maintenance, 3 s). After the delay, a probe letter was shown, and the subjects indicated whether the probe was or was not shown during the encoding period (retrieval,
2 5). B, Electrode location across subjects in Montreal Neurologic Institute (MNI152) space. Recording subregions are indicated by different colors (magenta, aHipp; cyan, pHipp). C, An example
MRI and template for a single subject. D, Average task-induced power, grouped in the anterior hippocampus (left column) and posterior hippocampus (right column), across all subjects during
the maintenance phase for the correct trials. Warmer colors denote task-increased power above the baseline, and colder colors denote task-decreased power. Both the aHipp and the pHipp
showed sustained task-increased power in the low-frequency range (2-20Hz; z> 1.96, p << 0.05) during the maintenance phase. E, Spectral z-scored power within the anterior (magenta)
and posterior hippocampus (cyan) across all subjects (== SEM shown as shading around the mean trace) for the correct trials. During maintenance, no significant difference in the spectral power

(p > 0.05, cluster-based permutation test) was found between the two subregions across the frequency band.

subjects. There were 3.2 = 1.8 contacts per subject in the aHipp (range,
1-6; 10 of 14 subjects) and 6.7 == 2.2 contacts per subject in the pHipp
(range, 1-8). Thus, the data from 10 subjects with electrodes in both the
aHipp and the pHipp were included in the interregional connectivity
analysis. Figure 1B presents the electrodes transformed into standard
MNI space in the aHipp and pHipp across all subjects.

Data acquisition and preprocessing. Intracranial data were acquired
using a Neuralynx ATLAS recording system, sampled at 4 kHz, and ana-
log filtered >0.5 Hz against a common intracranial reference. After data
acquisition, neural recordings were downsampled to 1 kHz and bandpass
filtered from 1 to 200 Hz using the zero-phase delay FIR (finite impulse
response) filter with Hamming window. Line noise harmonics were
removed using a discrete Fourier transform. The filtered data were man-
ually inspected to mark any contacts or epochs containing epileptiform
activity or artifacts for exclusion. The data were then rereferenced to the
average of the signal over all the contacts. The contacts localized in the
hippocampus were then selected for subsequent analysis. Channels were
excluded when they had continuous artifacts, usually because the cable
was broken. In our analysis, only one contact was excluded for this rea-
son. In addition, for all the participants, 1.4% of the trials (n=43/3050)
were excluded because of large singular artifacts, usually because the
cable moved.

The continuous data were segmented into 8 s trials with a 1 s fixation
period as the baseline, 2 s encoding period, 3 s maintenance period, and
2 s retrieval period. We focused on the maintenance period. The trials
with residual artifacts were rejected via visual inspection. The subjects’
responses defined correct and incorrect trials. Preprocessing routines
were performed using the FieldTrip (Oostenveld et al., 2011), EEGLAB
(Delorme and Makeig, 2004) toolboxes and customized scripts for
MATLAB.

Frequency decomposition. Time-frequency representations of power
were computed for correct and incorrect trials. For each trial for each
electrode, we convolved the signal within the aHipp and the pHipp
with complex-valued Morlet wavelets (six cycles) to obtain power

information (Solomon et al., 2019). The frequency range was 2-128 Hz
at 23 logarithmically spaced frequencies with a time resolution of 1 ms.
The task-induced power was analyzed per trial using the same statistical
bootstrapping procedure as used in previous studies (Johnson et al.,
2018). Briefly, for each channel and frequency, the baseline power (500
ms pretrial) was pooled into a single time series; then r data points (r =
number of trials of the subject) were randomly selected and averaged.
This procedure was repeated 1000 times to create a null distribution.
The raw power for each time point was then z-scored by comparing it
to the entire null distribution. The task-induced power was considered
significant when the z-scored power exceeded the value of 1.96
(p <0.05). Then, the z-scored power for the aHipp and the pHipp was
compared at each time-frequency point with a cluster-based permuta-
tion test (Maris and Oostenveld, 2007) for the correct and the incorrect
trials, separately.

Interregional phase synchrony. The strength of the interregional neu-
ral synchrony was quantified by the PLV, which calculates the average
phase ¢ difference between two electrodes (a,b) across trials for a given
time point ¢ and frequency f, as follows:

n=Ntrials

PLV,(t.f) = > e(ifen(tf) = en®N) @

Ntrials

The PLV indexes the degree of consistency of the phase rela-
tionship for each pair of electrodes independent of the absolute
phases and amplitudes among repeated trials and ranges from 0 to
1, with values approaching 1 if the two signals show a constant
phase relationship. We calculated the PLV for each electrode pair
of the aHipp-pHipp from 1 to 30 Hz across the correct and the
incorrect trials, separately. The trialwise mean was subtracted
from each trial to minimize contamination from simultaneous
voltage changes of the phase estimates before calculating the PLV
(Brincat and Miller, 2015).
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To test the statistical significance of the PLVs of all electrode pairs
within the maintenance trials, we permuted the trials 200 times to create
a null distribution and computed the 95th percentile threshold for each
pair. The thresholds were then averaged across all electrode pairs and
only the time-frequency PLVs above the corresponding thresholds were
kept as significant PLVs. The values below the thresholds were set to
zero. To further specify the frequency-specific PLVs, the spectral PLVs
were obtained across time. We selected and extracted the peak PLVs
(theta/alpha, 3-12 Hz) to compare the PLVs with the baseline using a
paired ¢ test to confirm that this peak was associated with the mainte-
nance process.

Granger causality analysis. To examine the directionality of the
aHipp-pHipp synchronization within the theta/alpha band, we analyzed
the effective aHipp—pHipp connectivity using spectral GC, which quan-
tifies the prediction error of the signal in the frequency domain by intro-
ducing another time series. Based on observations from previous studies
(Kota et al., 2020), we extracted the GC values within 3-12 Hz that
showed task-related elevated PLV. The aHipp-pHipp electrode pairs
with task-induced elevated connectivity (theta/alpha PLVmaintenance/
PLVbaseline > 1) for the correct and incorrect trials were selected sepa-
rately. Following this criterion, 49 of 84 electrode pairs for correct trials
and 40 pairs for incorrect trials were selected separately for later analy-
sis. For each electrode pair of the aHipp-pHipp, the trialwise mean
was subtracted from each trial before being fit to an autoregressive
model and computing the spectral GC. We then applied the
Multivariate Granger Causality MATLAB Toolbox (Barnett and Seth,
2014) based on the Akaike information criterion to define the model
order for each pair. The GC index of both directions (from aHipp to
pHipp and the reverse direction) was computed during the mainte-
nance period for the correct and incorrect trials, separately. The sig-
nificance testing for the spectral GC was conducted by creating a null
distribution by randomly swapping the signal between the electrodes
200 times. The electrode pairs with a GC above the threshold, defined
as the 95th percentile of the null distribution, were selected for the
subsequent comparisons.

The theta/alpha GC for each pair was extracted in both directions for
the correct trials and the incorrect trials, separately. Then, two MEMs
were used to compare the GC value from both directions, for the correct
and incorrect trials. In each MEM, we treated the direction as a fixed fac-
tor, the electrode pair number and subjects as random factors, and the
extracted theta/alpha GC values for each electrode pair as the dependent
variables.

Given that the GC analysis is sensitive to the signal-to-noise ratio
across frequency bands, we also assessed the theta/alpha band direction-
ality using the phase slope index (PSI; Basti et al., 2018) from both direc-
tions for the correct and incorrect trials, separately. Again, the electrode
pairs with elevated PLVs for the correct and incorrect trials were selected
separately. For each trial, the data segments during maintenance were
zero padded and multiplied with a Hann taper from 3 to 12 Hz with 1
Hz steps, from which we computed the theta/alpha PSI (Johnson et al.,
2018). To correct for any spurious results, null distributions were gener-
ated by randomly shuffling the trials 1000 times. Raw PSI outputs were
then z-scored on the null distributions to assess the significance of the
directional effects. Significant PSI was thresholded at |z| > 1.96, in which
the aHipp leads were defined as z >1.96 and the pHipp leads as
z<—1.96.

Phase-amplitude coupling. The cross-frequency coupling between
the lower frequency (1-20 Hz) phase from contact a and the higher-fre-
quency (20-100 Hz) amplitude from contact b was examined individu-
ally by mean vector length (Canolty et al., 2006). Phase-amplitude
coupling was calculated according to the following equation:

n
E A, uei‘Pt.b

PAC = | ‘= , (2)
n

where 7 is the number of data points, ¢ is a data point, A, , is the am-
plitude, and ¢, is the phase angle.
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Then, the raw PAC was assessed against surrogate distributions via
bootstrapping as was done in previous studies (Canolty et al., 2006).
Specifically, we shuftled data by inserting a randomly generated time lag
between the time series of the low-frequency phase and the high-fre-
quency amplitude and recomputed the PAC. This procedure was
repeated 200 times to create surrogate distributions of PAC values.
Then, the raw PAC was z-scored based on the null distributions to cor-
rect for any spurious results. The z-scored PACs exceeding a threshold
value of 1.96 were considered as significant (Wang et al., 2021). To assess
the task-induced effects, the z-scored PAC during the maintenance was
compared with the baseline values by the cluster-based permutation test
used in the previous analysis. A one-tailed test was applied to find the
task-increased coupling relative to the baseline (p < 0.05).

We extracted the theta/alpha (3-12Hz)-gamma (30-100 Hz)
z-scored PAC from the following two directions: the theta/alpha
phase of the aHipp modulating the gamma amplitude of the pHipp
as well as the theta/alpha phase of the pHipp modulating the
gamma amplitude of the aHipp for the correct and incorrect trials,
separately. The outputs were analyzed using an MEM, with direc-
tion as a fixed factor, subject and electrode pair as random factors,
and z-scored PAC for each electrode pair as a dependent variable.

Data and code availability. The dataset has been analyzed and
described previously (Boran et al., 2019, 2020, 2021) and is freely available
for download at https://doi.gin.g-node.org/10.12751/g-node.d76994/. The
task is freely available for download at http://www.neurobs.com/ex_files/
expt_view?id=266. Links to updates and further datasets can be found at
https://hfozuri.ch.

Results

Task and behavior

Fourteen presurgical epilepsy patients (7 males; Table 1) per-
formed a modified Sternberg WM task (58 total sessions from 14
subjects). In this task, items were presented simultaneously
rather than sequentially, thus separating the encoding stage from
the maintenance stage. In each trial, the subject was asked to
memorize a set of 4, 6, or 8 letters presented for 2 s (encoding).
After a delay (maintenance) period of 3 s, the subjects were
instructed to judge whether a probe letter was identical to one of
the letters held in memory (retrieval; Fig. 1A).

The average accuracy was 90.8 * 1.2% (range, 78—94.9%).
The mean response time was faster for correct than incorrect tri-
als (1.32+0.04 vs 1.81 = 0.15 s; paired ¢ test: f;3) = —4.0489,
p=0.0005). Hence, the subjects were able to perform the WM
task.

Low-frequency activity is sustained during maintenance
Local field potentials were recorded from the depth electrodes
implanted in the aHipp (32 contacts) and the pHipp (62 contacts;
Fig. 1B). The average distance between the anterior and posterior
contacts was 19.59 = 0.80 mm (range, 4.69-36.67 mm). An
example MRI and template were also presented for a single sub-
ject (Fig. 1C). We calculated the time-frequency power for the
correct trials/for each contact in each of the subregions during
the maintenance period, and the power outputs were z-scored
against pretrial baseline distributions to assess the significance of
the task-induced power effects per trial. Both the aHipp and the
pHipp showed sustained activity in the low-frequency range (2-
20 Hz; z >1.96, p < 0.05; Fig. 1D). Then we averaged the spectral
power across time and compared it between the aHipp and the
pHipp at each frequency. We found no aHipp-pHipp difference
in the spectral power (p>0.05, clustered-based permutation
test) across the frequency bands for the correct trials (Fig. 1E).
Together, both the aHipp and the pHipp engaged in the mainte-
nance of the WM information, as reflected by the low-frequency
oscillations.
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Table 1. Subject characteristics
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Subject Age (years) Gender Recording sites (aHipp) Recording sites (pHipp) Retrieval accuracy RT for correct trials (mean = SD)
1 24 Female 2 2 0.925 1.26 = 0.63
2 39 Male 0 3 0.864 1.28 = 0.65
3 18 Female 2 6 0.932 1.10 =034
4 28 Male 1 6 0.9492 1.48 = 0.63
5 20 Female 3 2 0913 1.41 £ 0.90
6 31 Male 6 7 0.943 1.47 = 0.59
7 47 Male 5 8 0.949 1.44 = 0.57
8 56 Female 1 5 0.900 141 £0.51
9 19 Female 4 8 0.928 1.24 =033
10 31 Female 2 2 0.780 1.22 =042
n 35 Male 0 5 0.930 1.64 = 0.73
12 20 Male 0 4 0.925 1.11£032
13 19 Male 0 1 0.863 1.18 = 0.42
14 51 Female 6 4 0914 1.30 £ 0.58
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Figure 2.  Frequency-specific aHipp—pHipp phase synchrony during maintenance. 4, Phase synchrony (PLV) between the anterior hippocampus and the posterior hippocampus was identified

across all subjects, with greater theta/alpha synchrony during the maintenance for the correct trials. The PLVs ranged from 0 to 1, with warmer colors indicating greater PLVs. The PLV maps
show the PLVs that survived the threshold at p << 0.05 (cluster-based permutation test). B, Spectral PLVs within 1-30 Hz between the aHipp and the pHipp across subjects for the correct trials
(==SEM shown as shaded area around the mean trace) with peaks in the theta/alpha band (3—12 Hz, shading in light orange). The shaded area indicates the theta/alpha range used for the
subsequent analyses. C, Extracted theta/alpha PLVs of the aHipp—pHipp across all subjects for the baseline and maintenance in the correct trials. The theta/alpha PLVs were elevated by the
maintenance relative to the baseline (paired ¢ test, f(s3=3.97, p =0.0002). D, The GC index for the correct trials was extracted within the theta/alpha band across subjects for two directions
(magenta: aHipp to pHipp; cyan: pHipp to aHipp). Stronger GC was found for pHipp to aHipp (cyan) than for aHipp to pHipp (magenta; mixed-effect model, *p << 0.05).

Theta/alpha synchronization of aHipp-pHipp supports the
maintenance of WM information

Task-induced increases in spectral power were found within the
low-frequency bands for both the aHipp and the pHipp. This
raised a further question about whether the two subregions of
the hippocampus interact during WM maintenance. Given the
role of low-frequency oscillations in supporting interregional
communication, we calculated the low-frequency phase syn-
chrony with PLVs between the aHipp and the pHipp for the
correct trials, thus measuring the consistency of the phase rela-
tionship for each aHipp-pHipp electrode pair. The PLVs up to
30Hz were computed across the time-frequency domain to
reveal the dynamic fluctuations throughout the functional con-
nectivity during the maintenance period. This analysis was done

using the data from 10 participants who had electrodes in both
the anterior and the posterior hippocampi.

As shown in Figure 2A, evident phase synchronization
(p <0.05, permutation test) between aHipp and pHipp was
found throughout the entire maintenance period. Further, we
obtained the spectral PLVs across the time domain and con-
firmed that the PLVs of aHipp-pHipp peaked in the theta/alpha
band (3-12Hz; Fig. 2B, light orange shadowed). To confirm
whether this peak in the PLVs was maintenance related, we
extracted the PLVs within the theta/alpha band for the mainte-
nance period and the baseline fixation, and compared them
using a paired ¢ test. For all the aHipp—pHipp electrode pairs,
the PLVs for the maintenance phase were significantly stronger
than those for the baseline fixation (paired t test: f(g3=3.97,
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Figure 3.  Cross-frequency coupling between the aHipp and the pHipp. A, Average cross-frequency phase—amplitude coupling (z score) between the anterior hippocampus and posterior hip-

pocampus across all subjects for correct trials. To assess the task-induced effects, the z-scored PAC during the maintenance was compared with the baseline values by the cluster-based permu-
tation test. A one-tailed test was applied to find the task-increased coupling relative to the baseline (p << 0.05). For the theta—alpha phase (3—12 Hz)/gamma amplitude (30-100 Hz) coupling
shown in the orange boxes, interregional modulations for both directions were significantly higher during maintenance relative to those in the baseline period (all p values << 0.05). B, The
theta/alpha—gamma (orange box) PACs were calculated across subjects for two directions (magenta, aHipp—pHipp means aHipp phase modulating pHipp amplitudes; cyan, pHipp—aHipp means
the reverse direction) for the correct trials. The modulation strength from the pHipp to the aHipp was greater than that from the aHipp to the pHipp (mixed-effect model, **p < 0.01). C,
Average z-scored intrahippocampal PAC for the slow-theta (3—-5Hz)—gamma, fast-theta (5-9 Hz)-gamma, and alpha (9—12 Hz)-gamma PACs between the aHipp and the pHipp in both
phase—amplitude combinations (low-frequency phase from the aHipp and alpha amplitude from the pHipp, and vice versa). For each frequency band, the coupling strength between the pHipp
phase and the aHipp amplitude (pHipp—aHipp, cyan) was consistently greater than that between the aHipp phase and the pHipp amplitude (aHipp—pHipp, magenta). D, Computation of theta/
alpha—gamma interactions. Phase—amplitude distributions were constructed for both directions (top: magenta, gamma amplitudes of the pHipp distributed across the theta/alpha phase bins
of the aHipp, abbreviated as aHipp—pHipp; cyan, gamma amplitudes of the aHipp distributed across the theta/alpha phase bins of the pHipp, abbreviated as pHipp—aHipp). The difference dis-
tributions were obtained by subtracting the aHipp—pHipp from the pHipp—aHipp (bottom, orange). The gamma activity from both the aHipp (magenta) and the pHipp (cyan) was modulated
by the theta/alpha oscillations around the trough (Rayleigh test, average pHipp gamma amplitude occurred at 57.3°, pyyipp = 4.31 X 10~% average aHipp gamma amplitude occurred at
57.2%, Papipp = 431 X 10~%). The difference distributions were not uniform (Rayleigh test, p =431 x 107%).

p=0.0002), confirming that the peak of the PLVs within the
theta/alpha band was strongly associated with the maintenance
process (Fig. 2C). Therefore, the subsequent analyses focused on
the theta/alpha band.

pHipp drives aHipp in the theta/alpha band supporting WM
processing

To further examine the directionality of the aHipp-pHipp syn-
chronization within the theta/alpha band, we analyzed the effec-
tive aHipp-pHipp connectivity using GC in the frequency
domain. GC estimates the degree to which the signal from one
region can be predicted by incorporating information from
another. Next, we compared the GC values in the pHipp-to-
aHipp direction with those from the reverse direction. We found
that the theta/alpha-driven GC values were greater in the pHipp-
to-aHipp direction than those in the reverse direction (mixed-
effect model: £=2.10, p=0.039; Fig. 2D). These results provided
evidence that directional aHipp-pHipp interactions driven by
the pHipp in the theta/alpha band supported successful WM
processing.

In addition to the GC analysis, we assessed the theta/alpha
band directionality between the aHipp and the pHipp by calcu-
lating the PSI within the theta/alpha band (3-12 Hz). We found
a unidirectional pHipp-driven connectivity (z = —2.78, p=
0.0054) for the correct trials and bidirectional aHipp-pHipp

interactions (z=0.89, p=0.37) for incorrect trials in the theta/
alpha band. This result confirmed the result from the GC anal-
ysis, and together they indicated that pHipp-driven informa-
tion flow supports successful WM processing.

Cross-frequency information transfer between the aHipp
and the pHipp

PAC serves as an important mechanism for coordinating interre-
gional information transfer in that high-frequency amplitudes
are modulated by phases with a low frequency (Canolty et al.,
2006). It has been suggested that PAC, especially theta/alpha-
gamma PAC within the hippocampus, reflects a neural correlate
for WM maintenance in animals and humans (Tort et al., 2008;
Axmacher et al., 2010; Roux and Uhlhaas, 2014). We computed
the cross-regional PAC in both phase-amplitude combinations
between the aHipp and the pHipp for the correct trials. The
interregional influence was quantified as the coupling of low-fre-
quency phases (2-20 Hz; Martinez-Cancino et al.,, 2019) from
one region with high-frequency amplitudes (20-100Hz) to
another. The raw PAC was z-scored against surrogate distribu-
tions via bootstrapping. The results showed that the theta/alpha
phase of the aHipp entrained the gamma amplitude of the pHipp
(~30-100 Hz; peak, 78 Hz; Fig. 3A, top) and the theta/alpha
phase of the pHipp modulated the gamma amplitude of the
aHipp (~30-100 Hz; peak, 80 Hz; Fig. 3A, bottom). To further
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Directionality of the aHipp—pHipp for the incorrect trials. A, The GC index for the incorrect trials was extracted within the theta/alpha band across subjects for two directions (ma-

genta, aHipp to pHipp; cyan, pHipp to aHipp). No difference in GC was found between the aHipp and the pHipp for either direction (mixed-effect model, p > 0.05). B, Schematics of the main-
tenance of WM processing within the hippocampus for the correct trials (left) and the incorrect trials (right). Directional information flow driven by the pHipp to the aHipp within the theta/
alpha band subserved the correct performance in the WM trial, but this bias with respect to the directionality of information transfer was absent in incorrect WM trials.

compare the coupling strength between the two combinations,
the cross-regional PAC of the theta/alpha—gamma bands (Fig.
3A, orange box) was extracted for both combinations. We
found that the coupling strength between the pHipp phase
and the aHipp amplitude was greater than that between the
aHipp phase and the pHipp amplitude (mixed-effect model,
t=2.84, p=0.006), as shown in Figure 3B.

Based on previously reported aHipp/pHipp differences in
preferred frequencies of the hippocampal cortex PAC in episodic
memory processing (Wang et al., 2021), we further divided the
theta/alpha band (3-12 Hz) into three frequency bands in our
PAC analysis. We separately extracted the phase information
for the slow-theta (3-5 Hz), fast-theta (5-9 Hz), and alpha (9-
12Hz) frequency bands in one hippocampal subregion and
the amplitude information for the gamma band in the other
hippocampal subregion. Then, the raw PAC outputs were z-
scored against surrogate distributions. The coupling strength
between the pHipp phase and the aHipp amplitude was con-
sistently greater than that between the aHipp phase and the
pHipp amplitude for these frequency bands (Fig. 3C). These
results further demonstrated that the pHipp slow oscillations
consistently directed the aHipp gamma during working mem-
ory processing.

Low-frequency oscillations are thought to organize cell
assemblies to maintain WM information, and recent studies
indicate that neuronal spiking in the hippocampus is locked to
distinct phases of slow oscillations in a behaviorally relevant
manner (Kaminski et al., 2020). As a surrogate for neuronal
spiking, we examined when gamma activity from the modu-
lated signals occurred relative to the theta/alpha phases of the
modulating signal. The distributions of the gamma amplitudes
across 18 phase bins were calculated for both directions. As
shown in Figure 3D, top, the gamma activity from both the
aHipp (magenta) and the pHipp (cyan) was modulated by the
theta/alpha oscillations around the trough (Rayleigh test: aver-
age pHipp gamma amplitude occurred at 57.3° pouipp =
4.3082 x 10 % average aHipp gamma amplitude occurred at
57.2° Pamipp = 4.3085 X 10~%). Moreover, the distributions of
the gamma amplitudes in the pHipp across the theta/alpha
phase bins in the aHipp were subtracted from those of the
gamma amplitudes of the aHipp across the theta/alpha phase
bins of the pHipp, as shown in Figure 3D, bottom. The differ-
ences were not uniform (Rayleigh test, p=4.308 x 10 ®). In
summary, WM maintenance increased cross-frequency cou-
pling between the aHipp and the pHipp at frequency- and
phase-specific oscillations, and the gamma amplitudes during
the theta/alpha phase oscillations optimized the information
transfer from the posterior to the anterior hippocampus.

Directionality between aHipp and pHipp is unbiased for the
incorrect trials
To investigate whether the findings above were specific for suc-
cessful WM maintenance, we also analyzed the directionality of
the information transfer between the aHipp and the pHipp for
the incorrect trials. Within the theta/alpha band, significant GC
above the threshold was found within the incorrect trials and no
difference in GC was found for either direction between the
aHipp and the pHipp (mixed-effect model: £=1.668, p=0.12), as
shown in Figure 4A. To exclude the possibility that the lack of
effect of direction for the incorrect trials are because of different
electrode pairs used in statistical analysis, we repeated our analy-
sis by using all 84 electrode pairs to compare the GC values from
both directions for the correct and incorrect trials, separately.
The GC values from pHipp to aHipp were significantly higher
than those from the opposite direction (mixed-effect model:
t=2.06, p =0.043) for the correct trials, while there was no signif-
icant difference between the two directions (mixed-effect model:
t=0.46, p=0.65) for the incorrect trials. These results confirmed
our findings. Therefore, the directionality of information transfer
driven by the pHipp to the aHipp supported WM maintenance
(Fig. 4B, left), which was beneficial for correct WM performance.
However, this bias in the directionality of information transfer
was absent in the hippocampus in incorrect trials (Fig. 4B, right).
As we did for the analyses conducted for the correct trials, we
also computed the time-frequency power during the mainte-
nance period for the incorrect trials within the aHipp and pHipp
separately. As shown in Figure 5A, task-induced power for the
incorrect trials on both the aHipp and the pHipp was not sus-
tained during the maintenance in the low-frequency range (2-
20 Hz). The spectral power was not significant (z < 1.96) during
the maintenance period and no difference (p > 0.05, clustered-
based permutation test) was found between the two subregions
across the frequency band (Fig. 5B). In addition, the PLV across
the time—frequency domain was also calculated between the
aHipp and the pHipp for the incorrect trials. However, only a
few scattered PLV points survived significance testing during the
maintenance of incorrect trials (Fig. 5C). As a result, we did not
conduct further analyses on the PLVs for the incorrect trials as
we did for the correct trials.

Volume conduction and recording montage

To rule out effects of volume conduction, we repeated our anal-
ysis of connectivity and Granger causality after rereferencing
our recordings to a bipolar scheme (for a similar approach,
see Kota et al., 2020). First, we found sustained phase synchro-
nization (p < 0.05, clustered-based permutation test) between
aHipp and pHipp in the low-frequency band throughout the



450 - J. Neurosci., January 19, 2022 - 42(3):443-453 Li, Cao et al. o Hippocampal Subregions Interact in Working Memory

(A) aHipp pHipp
128
— 64 2
E 3
= 1 =
g 2
c ° o
O 16f o
3 <]
o 14 g
L .
[T
2
2
0 500 1000 1500 2000 2500 3000 20 500 1000 1500 2000 2500 3000
Time (ms) Time (ms)
(B) (€)
incorrect trials . .
4 ) incorrect trials
—— aHipp 29 05 =
35 . ”
— FAiEp ~N 0.4 5
3 .
o T 8
1<} Z Z
3
2 > w5
N c <
R [ o
o S 13 0z 2
3 4 ]
[e] - . =
8 & . =) 01 O
o |8 » ek E
3 |
0 500 1000 1500 2000 2500 3000

Time (ms)

Frequency (Hz)

Figure 5.  Power and phase synchrony for the incorrect trials. A, Average task-induced power across all subjects during maintenance for the incorrect trials, grouped in the anterior (left col-
umn) and posterior hippocampus (right column). Warmer colors denote task-increased power from the baseline and colder colors denote task-decreased power. Task-induced effects on both
the aHipp and the pHipp were not sustained during maintenance in the low-frequency range (2-20 Hz; z << 1.96) for the incorrect trials. B, Spectral z-scored power within the anterior (ma-
genta) and posterior hippocampus (cyan) across all subjects (== SEM shown as shading around the mean trace) for the incorrect trials. The spectral power was not significant (z << 1.96) during
maintenance, and no significant difference (p > 0.05, clustered-based permutation test) was found between the two subregions across the frequency band. C, Significant PLVs above the
thresholds (p << 0.05. permutation test) across the time—frequency domain were present between the aHipp and the pHipp for the incorrect trials. Only a few scattered points survived testing
for incorrect trials. Therefore, the PLV of incorrect trials was not further analyzed.
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Figure 6.  PLV and GC analyses with a bipolar reference. A, Average phase synchronization (z-scored PLV) across electrode pairs for the correct trials, with a bipolar reference. Elevated PLV in
the low-frequency band was sustained throughout the entire maintenance period. B, Granger causality between hippocampal subregions from both directions by using a bipolar reference for
the correct trials. #p << 0.1. GC values from the pHipp to aHipp are higher than those in the opposite direction with a trend toward statistical significance (mixed-effect model, p =0.092).

entire maintenance period (Fig. 6A). Then, we found higher
GC values from the pHipp to aHipp than those in the opposite
direction, with a trend toward statistical significance (mixed-
effect model, p=0.092) for the correct trials (Fig. 6B) and no
significant difference between the two directions (mixed-effect
model, p>0.05) for the incorrect trials. These findings are
consistent with what we observed by using a common

reference. In addition, the following findings speak against
volume conduction: (1) there was a strong frequency depend-
ence of the intrahippocampal PLVs (Fig. 2A) and those to
scalp EEGs (Boran et al., 2019), while the transfer of signal
through tissue by volume conduction is independent of fre-
quency in the range of the iEEG studied here (Nunez and
Cutillo, 1995; Miceli et al., 2017); (2) there was a strong task
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dependence of GC values (Figs. 2D, 4A); and (3) GC is highly
anisotropic (Figs. 2D, 4A). In conclusion, while we cannot
rule out a contribution of volume conduction in our data, it
seems to be small compared with the effects in the PLVs and
GC, which were induced by processing the cognitive task.

Recordings in the epileptic seizure onset zone

Our analysis included recordings from electrodes in the seizure
onset zone (SOZ). To assess the possible effects of the SOZ on
our findings, we compared the hippocampal electrodes within
and outside the SOZ. For the power analysis, the task-induced
power was not significantly different between the non-SOZ elec-
trodes and the SOZ electrodes (p=0.52). For the connectivity
analysis, we separated the electrode pairs into SOZ (at least one
SOZ electrode) and non-SOZ (non-SOZ to non-SOZ electrode)
pairs. There was no significant difference in the task-related con-
nectivity measures between the SOZ and non-SOZ electrode
pairs (PLV analysis, p=0.27; PAC analysis: aHipp—pHipp, p =
0.62; pHipp-aHipp, p = 0.66; Granger causality analysis: aHipp to
pHipp, p=0.14; pHipp to aHipp, p=0.40). Our analysis impli-
cated residual function in the epileptogenic hippocampus. This is
consistent with our previous finding of single neurons in the
SOZ that responded to this task (Boran et al., 2019) and more
general findings suggesting normal physiological responses to
cognitive stimuli in the epileptic sites (Liu and Parvizi, 2019).

Discussion

Together, our results indicated that both subregions of the hip-
pocampus were critical for WM processing; they interacted at a
specific frequency band and with a directionality pattern to
support the maintenance of the WM information. Specifically,
WM maintenance depends on coordinated neural oscillations
between the aHipp and the pHipp in the theta/alpha band, with
a pHipp-driven information transfer in this band, and a higher
PAC between the theta/alpha phase of the pHipp entraining the
gamma amplitude of the aHipp. The directionality bias in infor-
mation transfer within the hippocampus occurred exclusively
during the correct WM trials.

The task-induced power revealed sustained low-frequency
oscillations (including theta and alpha bands) within both the
aHipp and the pHipp during the delay interval in which infor-
mation was to be remembered. The theta and alpha bands are
well known frequency bands that play important roles during
WM maintenance. The theta rhythm is thought to underlie the
organization of WM items (Roux and Uhlhaas, 2014), and theta
power increases in the hippocampus reflect the storage compo-
nent of WM (Brzezicka et al., 2019). Alpha oscillations were
suggested to protect working memory maintenance against
anticipated distracters (Bonnefond and Jensen, 2012) and
increased during WM maintenance (Boran et al., 2019). Our
results echo these findings and suggest that increases in theta/
alpha power could support hippocampal WM processing by
organizing neural activity (theta) and selectively filtering task-
relevant information to avoid distracting information (alpha).

We further observed oscillatory phase synchrony between the
aHipp and the pHipp predominantly in the theta/alpha range
(3-12Hz) during the retention interval. Only a few studies
have studied oscillatory communication along the long axis of
the hippocampus by simultaneously recording both areas
in awake unrestrained rodents. Specifically, rodent studies
reported increased connectivity between the dorsoventral hip-
pocampus during a WM task (Schmidt et al., 2013). Lesion
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studies showed a disruption in WM accompanied by reduced
theta phase coherence in the dorsoventral hippocampus, and
pharmacological treatment resulted in both restored WM task
performance and reversed abnormal hippocampal dorsoven-
tral connectivity (Cardoso-Cruz et al., 2014). Our results are
thus consistent with the animal literature suggesting that the
contribution of synchrony between hippocampal subregions
along the long axis to WM processing and extended these
findings to humans.

Next, we found that the theta/alpha phase of the pHipp
entrained the gamma activity of the aHipp and that theta/alpha-
driven information flow occurs from the pHipp to the aHipp
during the retention interval with subsequent successful WM
responses. Intriguingly, this directional pHipp-to-aHipp infor-
mation flow was only observed in correct trials and was absent in
error trials. These results together suggest that the posterior to
anterior influence in the theta/alpha band contributes to the suc-
cessful maintenance of WM. These interregional information
transfer dynamics are consistent with the anatomic circuitry
showing projections from the dorsal to the more ventral part of
the hippocampus (Amaral and Witter, 1989; Ishizuka et al.,
1990). The longitudinal axis may be a locus for interaction
between various pieces of WM information with longitudinal
interneurons orchestrating the information flow (Harland et al.,
2018). Human fMRI studies also suggested hierarchical represen-
tations of events along the hippocampal long axis with the pHipp
representing detail-level events and the aHipp representing over-
lapping higher-level, multievent representations (Collin et al,,
2015; Schlichting et al., 2015). In our research, the participants
needed to remember individual letters; therefore, we speculate
that there was a greater requirement for detailed representation,
so the pHipp led the information transfer to the aHipp.

Together, our findings suggest a hierarchical information
flow from the pHipp to the aHipp in theta/alpha oscillations to
successfully maintain WM information. By using human iEEG
recording and precise hippocampal subregion segmentation, we
demonstrated that working memory maintenance depends on
the activity of both the aHipp and the pHipp, which is in line
with human fMRI findings. In addition, we provide evidence for
coordinated neural oscillations between them with a unidirec-
tional influence from the pHipp to the aHipp via theta/alpha
oscillations. This echoes findings from rodents in which lesions
of the dorsal Hipp, but not the ventral Hipp, led to deficits in
working memory (Pothuizen et al., 2004), as well as rodent
studies suggesting preferential involvement of cognitive func-
tion in the dorsal Hipp and of emotion in the ventral Hipp
(Fanselow and Dong, 2010). Together, our work establishes a
bridge between cellular-level work in animals and the exten-
sive literature using noninvasive imaging in humans on the
functional specialization of subregions within the hippocam-
pus. The observed directional functional connectivity between
the dorsal and ventral subregions is well in line with proposed
models of hippocampal long-axis organization within discrete
domains (Strange et al., 2014).

There are several limitations of the current study. First, only a
verbal WM task was used here. This has the advantage of exclud-
ing the possibility of explaining the pHipp-dominated informa-
tion transfer during WM as a preferential involvement of the
pHipp in spatial processing. However, the same strength of the
current study limits the generalization of our results to WM
processing apart from other information, such as space and
time. Second, we did not further map the aHipp or pHipp into
cytoarchitectural subfields. In addition to the organizational



452 . ). Neurosci., January 19, 2022 - 42(3):443-453

patterns along the long axis, the hippocampus is composed of
cytoarchitecturally different subfields (CA1-4, dentate gyrus,
subiculum; Amunts et al., 2005). However, the small number
of electrode contacts in the current study (aHipp for each sub-
ject: mean, 3.2 = 1.8; range, 0-6; pHipp for each subject:
mean, 6.7 = 2.2; range, 1-8) limited the investigation of sub-
field-specific oscillation-based communication. Future studies
with a larger sample size are thus needed to consider the infor-
mation flow between cytoarchitectural subfields.

In summary, our results linked the intrahippocampal theta/
alpha band interaction to WM maintenance and showed that
directional information flow occurred from the pHipp to the
aHipp during the maintenance interval when the subsequent
WM responses were correct. These results add to the growing
body of literature about the functional organization along the
longitudinal axis of the hippocampus. More broadly, this work
allows a detailed mechanistic and more direct understanding of
WM.
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