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Abstract

Trace eyeblink conditioning (TEBC) has been widely used to study associative learning in both animals
and humans. In this paradigm, conditioned responses (CRs) to conditioned stimuli (CS) serve as a
measure for retrieving learned associations between the CS and the unconditioned stimuli (US) within
a trial. Memory consolidation, that is, learning over time, can be quantified as an increase in the proportion
of CRs across training sessions. However, how hippocampal oscillations differentiate between successful
memory retrieval within a session and consolidation across TEBC training sessions remains unknown. To
address this question, we recorded local field potentials (LFPs) from the rat dorsal hippocampus during
TEBC and investigated hippocampal oscillation dynamics associated with these two functions. We
show that transient broadband responses to the CS were correlated with memory consolidation, as indexed
by an increase in CRs across TEBC sessions. In contrast, induced alpha (810 Hz) and beta (16—20 Hz)
band responses were correlated with the successful retrieval of the CS—US association within a session,
as indexed by the difference in trials with and without CR.

Key words: classical conditioning; cross-frequency coupling; hippocampus; memory; phase locking

Significance Statement

Trace eyeblink conditioning is widely used to study the neural basis of learning. How brain oscillatory
signatures for instantaneous retrieval of associations differ from those reflecting long-term memory
consolidation is not well understood. We recorded local field potentials from the rat hippocampus
during conditioning to dissociate oscillation dynamics associated with these functions. We show
that a transient, early, broadband response is correlated with memory consolidation (increase in
conditioned responses across training sessions) whereas long-latency sustained alpha and gamma
oscillations are associated with the performance within a given trial in a session.

Introduction

Memories are represented by the distributed activity of neurons organized into neuronal
assembilies in hippocampal-neocortical circuits (Squire, 1992; Buzsaki and Moser, 2013).
Trace eyeblink conditioning (TEBC) has been widely used as a model system for studying
the neural basis of associative learning and memory in a wide range of species from mice
to humans. In TEBC, a conditioned stimulus (CS, usually auditory stimulus) is repeatedly
paired with an eyeblink-evoking unconditioned stimulus (US, airpuff or electric shock to
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the eyelid). A successful conditioned response (CR) in response to the CS is dependent on learning, and upon later
encounter with the CS, retrieving from memory, of an association between the CS and the US, that is, contingency detec-
tion (Prokasy, 1984; Clark and Squire, 1998; Thompson, 2005; Cheng et al., 2008).

Forming an association between two events separated in time is a critical brain function (Pilkiw and Takehara-Nishiuchi,
2018) that depends on the hippocampus (Solomon et al., 1986; Moyer et al., 1990; Weiss et al., 1996; Tseng et al., 2004).
Intriguingly, recent work utilizing human intracranial and scalp electroencephalogram (EEG) suggested that the hippocam-
pus could represent both sensory and mnemonic information and act as a switchboard between internal and external rep-
resentations (Treder et al., 2021). In line, patients with medial temporal lobe (MTL) lesions and memory impairment also
exhibited diminished markers for conscious perception (Urgolites et al., 2018) and showed attenuated and temporally
more dispersed responses to visual stimuli (Reber et al., 2017), suggesting that hippocampal circuits also represent sen-
sory stimulus properties (Kreiman et al., 2002).

A crucial role in memory formation and the initial encoding of information into neural representations is played by theta
(6, 4-12 Hz) oscillations (for reviews see Buzsaki, 2002; Colgin, 2013, 2016). Hippocampal 6 oscillations are abundant dur-
ing exploratory behavior in rodents, and they organize bits of information into coherent entities (for an example of 6 and
place cells, see O’Keefe and Recce, 1993). Interestingly, during TEBC, hippocampal 8 oscillations increase during the
trace period separating the CS offset and the US onset, both in rabbits (Nokia et al., 2009, 2015) and in rats (Nokia et
al., 2012). The CS-related 8 oscillations in the hippocampus and connected brain structures are thought to reflect the
encoding and retrieval of the CS-US contingency (Wikgren et al., 2010; Nokia and Wikgren, 2013; Suter et al., 2019).
Additionally, beta (B; 12-30 Hz) and gamma (y) band (30-40 Hz) oscillations are also prominent in the hippocampus
(Colgin et al., 2009), with y oscillations synchronizing the activity in the hippocampal-entorhinal cortical (EC) loop and
relating to encoding and retrieval of associations (Igarashi et al., 2014). Whereas 6 oscillations are proposed to allow
chunking or grouping of information, B and y oscillations are proposed to reflect the information per se. In this context,
cross-frequency phase—amplitude coupling (PAC) between the 8 phase and B/y oscillation amplitudes is thought to enable
the chunking of sensory information (Colgin, 2016).

Despite extensive research on the neural basis of learning using TEBC, the relationship between mapping stimulus con-
tingencies within a trial (encoding and retrieval of the CS-US association) and learning, that is, enforcing their associations
across training sessions (memory consolidation), remains unclear. While the role of oscillation dynamics in memory func-
tions is well established, the differences in these dynamics between the formation of mnemonic associations between
the CS and US within a trial and memory consolidation of stimulus contingencies across training sessions remains
unexplored. With training on the CS-US contingency, the probability of a CR to each CS increases gradually over time.
However, even with extensive training, some CS presentations fail to elicit a CR. In this study, we hypothesized that
distinct spatiotemporal signatures would characterize mapping CS-US contingencies within sessions (indexed as CR
for the trial) and memory consolidation across training sessions (indexed as an increasing proportion of CRs over
sessions). To this end, we recorded local field potentials (LFPs) from the dorsal hippocampus in freely moving adult healthy
Sprague Dawley male rats during classical TEBC and estimated oscillation dynamics for hippocampal subfields using
state-of-the-art analysis approaches.

Materials and Methods

Animals. Eight adult healthy male Sprague Dawley rats (Harlan Laboratories/Envigo, weighing ~300 g, ~10 weeks)
were used as subjects. Food and water were available ad libitum, with room temperature and humidity maintained at
21+2°C and 50 + 10%, respectively. The rats were kept under a 12 h light/dark cycle. All procedures and experiments
were conducted during the light cycle. The study was conducted in accordance with Directive 2010/63/EU of the
European Parliament and of the Council on the care and use of animals for research. The experiments were approved
by the Animal Experiment Board of the Regional State Administrative Agency of Southern Finland. The ARRIVE guidelines
(http:/arriveguidelines/org/arrive-guidelines) were followed.

TEBC and analysis of the eyeblink response. Data were collected during a TEBC task (Fig. 1A) using LabVIEW (National
Instruments). The animals were conditioned using white noise (75 dB, 200 ms) as a CS and a 100 Hz burst of 0.5 ms bipolar
pulses of periorbital shocks (100 ms) as a US. The amplitude of the US was adjusted individually for each animal to elicit a blink
response, that is, the unconditioned response in 100% of the trials. Each trial started with the 200 ms CS presentation,
followed by a 500 ms stimulus-free trace period, and then a 100 ms shock US. Each animal performed eight
sessions, each consisting of 60 trials. Over time, the animals started to blink in response to the CS; that is, they acquired
the CR.

Eyeblinks were detected from the EMG signals offline to determine the percentage of CRs (here defined as the hit rate,
HR), as in Nokia et al. (2017). In brief, for each trial, the response was defined as a CR if the signal exceeded a threshold of
mean + 3 standard deviations (SD) within the last 200 ms of the trace period (Fig. 1A). That is, the eyelid started to close
immediately before the onset of US. HR was defined as the proportion of trials with a CR (Fig. 1D). We then used repeated
measures ANOVA (rm ANOVA) to estimate the change in HR across the eight sessions as well as across the animals.
Reaction times (RTs) were computed for the trials with CRs.
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Surgery. Rats were anesthetized with an intraperitoneal injection of pentobarbital (60 mg/kg) and treated for pain with
carprofen (5 mg/kg, s.c.) and buprenorphine (0.03 mg/kg, s.c.). Using a stereotactic frame, we implanted two four-wire
electrodes (Formvar-Insulated Nichrome, bare diameter 50 um, no. 762000, A-M Systems) chronically to record LFPs
from the dorsal hippocampus. The wires were glued together with a tip separation of 200-250 pm. The bundles
were implanted with the lowest electrode tip at the dentate gyrus (DG; 3.6-4.5 mm posterior, 1.5-2.2 mm lateral, and
3.6-4.0 mm below bregma; Fig. 1C). Skull crews served as the reference (11 mm posterior and 2 mm lateral to
bregma) and ground (4 mm anterior and 2 mm lateral to bregma). To stimulate the eyelid and record electromyography
(EMG) during TEBC, two bipolar electrodes made of stainless steel wire insulated with Teflon (bare diameter 127 pm)
were implanted through the upper right eyelid. Finally, the entire construction was secured in place using dental
acrylic cement. After the surgery, each rat was allowed to recover for at least 1 week and was medicated for pain
with buprenorphine.

Recordings. Alow-noise wired preamplifier (10x) was directly attached to the electrode connector in the rat’s head. The
LFP signals were filtered from 1 to 5,000 Hz, amplified 50x, digitized at 20 kHz, and then low-pass filtered at 500 Hz.
Finally, all signals were stored at a sampling rate of 2 kHz (USB-ME-64, Multi Channel Systems).

Histology. Rats were killed by exposure to arising concentration of CO, and then decapitated. The locations of the elec-
trode tips in the brain were marked by passing a DC anodal current (200 mA, 5 s) through them. The brain was then
removed, fixed in a 4% paraformaldehyde solution, and coronally sectioned with a vibratome (Leica VT1000). The slices
were stained with Prussian blue and cresyl violet. The electrode tip locations were determined with the help of a conven-
tional light microscope and a brain atlas (Paxinos and Watson, 1998).

Signal preprocessing, re-referencing, and filtering. Trials with large LFP fluctuations due to movement or device-related
artifacts were excluded if they exceeded 1,500 pV cutoff, resulting in a rejection rate of 0.6%. To remove the
stimulus-induced spike artifact, raw signals between —2.5 and 1.5 ms from CS onset and offset were interpolated with
an alpha blend fraction of 0.45. Current source density (CSD) profiles were then calculated for re-referencing using the
Laplacian re-referencing method with adjacent channels (Mitzdorf, 1985). The signal was then filtered between 3 and
480 Hz using a finite impulse response (FIR) filter with a logarithmically scaled increment of frequency and utilizing a com-
bination of high-pass and low-pass filter pairs (high-pass: 0.6 stop band and low-pass: 1.4 stop band, 60 dB attenuation).
The filtered signals were further Hilbert transformed to obtain phase and amplitude time series (Fig. 1E).

Data analysis of oscillation dynamics. We computed local oscillation dynamics using measures of oscillation amplitudes
and intertrial coherence (ITC) with a phase-locking factor (J. M. Palva et al., 2005) separately for the hilus and fissure. The
amplitude and ITC time series were averaged across trials for each condition from —600 to 600 ms from CS onset for each
filtered frequency. The average baseline values from —600 to —100 to CS onset were then subtracted from poststimulus
values. Phase time series data were further used to compute interareal synchronization between the fissure and hilus using
the phase-locking value (PLV; Fig. 1F). PLV was normalized by dividing the value by the averaged PLV value obtained by
shuffling trials within a condition and measurement site 100 times to control for the contributions of stimulus-driven arti-
ficial synchronization (Hirvonen et al., 2018).

To estimate coupling across the frequencies, PAC was computed with PLV between the phase of the slow oscillation
(low frequency, LF) and the phase of the amplitude envelope of the high-frequency (HF) oscillation for the m:n ratios
between 2 and 9 (Fig. 1G; J. M. Palva et al., 2005; Siebenhihner et al., 2016). Phase transfer entropy (phase TE; Lobier et
al., 2014) was computed to identify directionality in the narrow-band oscillatory signals. Phase TE was derived from the instan-
taneous phase time series of the signal Xius(t) and Yiissure(t) €xpressed as Byjus(t) and Brissure(t) (Fig. 1E). To create a bias-free
measure, we computed the differential TE (dTE) derived by pTEi_fis—PTEsis—ni and used this measure for further analysis

(Fig. 1H).

Statistical analysis. To avoid different signal-to-noise ratios (SNRs) from influencing the results, the number of trials
between conditions (CR vs no-CR; highest HR vs lowest HR) was equalized before statistical analyses by randomly select-
ing trials to match the minimum number of trials within a session. Statistically significant changes in oscillation amplitudes,
ITC, and interareal synchrony were achieved by deriving null distributions (n =20,000) using random flips with a probability
of 0.5 (Monte Carlo p < 0.025, two-tailed). To correct for multiple comparisons, we used the Benjamini-Hochberg proce-
dure for each analysis time window.

To assess the significant differences between CR and no-CR trials, we first estimated the differences in neuronal dynamics
within each animal. We then used a paired t test to identify the t-threshold (p < 0.025, two-tailed) for each time t and frequency f
and obtained the t-sum observed value based on temporal adjacency. The maximum t-sum observed was tested against the
t-sum null distribution from 1,000 surrogates (Monte Carlo p < 0.05) using cluster-based permutation statistics, which account
for multiple comparisons in statistical analysis (Maris and Oostenveld, 2007). The same clustering permutation statistics were
performed to compare the sessions with the lowest and highest HR. The null distributions were derived by randomizing trials
for comparison between CR and no-CR trials and by randomizing the sessions for comparing learning.
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Individual-level statistical analysis for oscillation amplitude differences was computed using a cluster-based permuta-
tion method by randomizing the CR and no-CR trials and sessions for the lowest %HR and highest %HR, respectively, to
obtain surrogate mean values. Individual-level statistical analysis for ITC values was obtained by comparing each ITC
value with a surrogate null distribution [Monte Carlo p < 0.05, false discovery rate (FDR) corrected)].

To directly study the main effects and the interaction effect of successful memory retrieval within a session (CR
vs no-CR) and consolidation across TEBC training sessions, we conducted two-way rm ANOVA on both the oscillation
amplitudes and on the ITC within the time-frequency regions of interest (p < 0.025). The statistical analysis for 1:1 interareal
synchronization between conditions was performed using a two-sample t test for the time-frequency regions of interest.

The presence of significant PAC in the poststimulus periods was assessed post hoc using a one-sample t test across all
subjects and sessions for each pair of low and high frequencies, analysis time windows, and laminar pair (FDR corrected).
For statistical analysis of phase TE, surrogate data were obtained by shuffling trials 1,000 times and comparing the sur-
rogate distributions with the empirical data to test the statistical significance against a null hypothesis of no information
transfer between the hilus and fissure (Monte Carlo p <0.05, FDR corrected).

The code for phase TE is freely available at the Palva GitHub repository (https:/github.com/palvalab/palvalab).

Results

Behavioral data
Associative learning was assessed using a TEBC task (Fig. 1A, see Materials and Methods for more details). HR (the
percentage of CRs) significantly increased as a function of the session (Pearson’s r=0.49; p=4.51x 107°; Fig. 1B), but
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Figure 1. Overview of the approach. A, Task schematics and an example of EMG trace. In the TEBC task, a tone was used as CS followed by the US
(periorbital shock). Eyeblinks were recorded with EMG. The gray area indicates the time window when eyeblinks were counted as a CR. B, HR for the
CRs as a function of session with mean and SEM. The circles represent data from individual rats (n =8). C, A graphical illustration of recording electrode
placement in the rat hippocampus targeting fissure (f, upper) and hilus (h, lower). D, E, An example of a broadband raw signals recorded from fissure (blue)
and hilus (orange) for a single trial and of their narrow-band filtering and transformation to complex values to obtain amplitude and phase time series.
F, Interareal synchronization between fissure and hilus was estimated by computing PLV between signals and comparing the empirical values to a
surrogate distribution. G, The n:m PAC was computed between the phase of a lower frequency (n) and amplitude of the higher frequency (m). The traces
show the 6 phase in hilus and the y amplitude envelope in fissure (black). H, Differential phase transfer entropy (phase dTE) was estimated from the
phase-lag information from each region using an analysis window of 0.5 s during the post-CS period. (See Materials and Methods for more details.)
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sessions with the best performance varied across animals. The mean RT for CRs averaged across all sessions and animals
was 558.72 ms with an SEM of 5.7 ms. To control the confounding effects of individual differences, we also conducted rm
ANOVA, confirming a significant change in HR across sessions (F(7,.49)=5.72; p=7.17 x 107°) and indicating that the rats
learned to anticipate the shock US and shield the eye with a CR as training progressed.
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Figure 2. Spatiotemporal dynamics of hippocampal oscillations during TEBC. A, A group-averaged broadband evoked response to the CS, averaged
across all trials, sessions, and animals from fissure (left) and hilus (right). Shade indicates SEM. Dashed lines indicate CS onset and mean (+SEM) and
latency of CR (558.7 +5.7 ms), respectively. B, Baseline-corrected time-frequency representation (TFR) of oscillation amplitudes in response to the CS
separately for fissure (left) and hilus (right). Oscillation amplitudes were averaged across trials, sessions, and then across all rats (n=8). The horizontal
bar below the panel indicates analysis periods relative to CS onset; 0-0.1 s (black), 0.1-0.3 s (gray), 0.3-0.5 s (light gray). C, Oscillation amplitudes aver-
aged across three time windows. Horizontal colored bars denote statistical significance at p < 0.025 (see Materials and Methods for details). D, E, Intertrial
coherence (ITC) as estimated with PLF as in B and C. Horizontal bars denote statistical significance at p <0.025.

April 2024, 11(4). DOI: https://doi.org/10.1523/ENEURO.0030-23.2024. 5 of 11


https://doi.org/10.1523/ENEURO.0030-23.2024

r euro Research Article: New Research 6 of 11

Spatiotemporal dynamics of oscillations in response to the CS

Figure 2A shows group-averaged CSD re-referenced LFP traces from the hippocampal subfields (fissure, hilus).
Consistent with the fissure encompassing dendrites of the DG granule cells receiving the main input from the EC,
CS-evoked responses were robust in the fissure but not in the hilus. In addition, the evoked responses were reflected
in both oscillation amplitudes and ITC, showing transient broadband responses in the fissure but also in the hilus
(Fig. 2B-E; Monte Carlo p <0.025, two-tailed, FDR corrected). This time-locked activity was followed by induced alpha
[a, 8-12 Hz, note that this band is usually defined as theta (B) in rodent literature] and high-gamma (high-y, 50-100 Hz)
band responses in the fissure (Fig. 2B,C, gray, light gray; Monte Carlo p <0.025, two-tailed, FDR corrected). In addition,
concurrent suppression of 8 (here 4-6 Hz) and B/y band (23-40 Hz) amplitudes was observed both in the fissure and hilus
(Fig. 2B,C, light gray trace; Monte Carlo p <0.025, two-tailed, FDR corrected). Despite similar spatiotemporal oscillatory
profiles in the hilus and fissure, induced amplitudes were stronger in the fissure, which is the primary site of EC inputs via
the perforant pathway (Scharfman, 2016).

Distinct spatiotemporal patterns for the retention of stimulus contingencies between CS-US and consolidation
across training sessions

We next explored whether distinct spatiotemporal patterns associated with the retrieval of stimulus contingencies
between the CS and the US and with memory consolidation across the daily training sessions could be identified
(Fig. 3A-D). To examine this, we utilized the eyeblink—CR as an approximation of the contingency detection and retrieval
of the CS-US association, comparing trials with CR to those without CR (=no CR) within the session. After the initial trials
during which representations of the CS and US are formed, CR is thought to depend on retrieving the association between
the CS and the US as well as planning and executing the subsequent motor response (Prokasy, 1984). To assess the
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Figure 3. Distinct spatiotemporal profiles of hippocampal oscillations. A, Oscillation amplitudes (top panel) and ITC (bottom panel) for the contrast between
CR and no-CR trials. The color scale indicates the amplitude (top) and ITC (bottom) for each time-frequency element. The significant clusters of time and
frequency (Monte Carlo p < 0.05) are highlighted with transparency while nonsignificant observations are nontransparent. Dashed lines indicate mean RT.
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time-frequency element (Monte Carlo p < 0.050). E, F, Two-way ANOVA. E, The representation of significant time and frequencies denoting the main effects
of CR versus no-CR (in red) and Highest %HR versus Lowest %HR (in blue), along with the interaction of the two factors (in pink) on amplitude (ANOVA p <
0.025). Fissure (left), hilus (right). Black lines denote CS onset F. The same convention as in E but illustrates the main effects of the ANOVA factors on ITC.
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spatiotemporal patterns of oscillations related to successful contingency detection, we computed oscillation amplitudes
and ITC separately for trials with and without CR for each animal and condition. Sustained amplitudes in a and  bands at
~300 ms from the CS onset were stronger for the CR trials than for the no-CR trials in both the fissure and to a lesser extent
in the hilus (Fig. 3A; Monte Carlo p <0.050). In contrast, there was no noticeable difference between the CR and no-CR
trials in the ITC (Fig. 3A, bottom). In addition to group-level significance, the results were further reproduced by performing
statistical analysis at the individual level (Fig. 3C; Monte Carlo p <0.050).

We then tested whether we could dissociate a separate spatiotemporal pattern for predicting learning across the daily
training sessions by comparing the data from the session with the highest and lowest %HR for each animal. Transient
broadband amplitudes and ITC were stronger for the session with the highest %HR than for the lowest %HR (Fig. 3B;
Monte Carlo p <0.050). The results were further reproduced by performing statistical analysis at the individual level
(Fig. 3D; Monte Carlo p < 0.050).

Next, we performed an rm ANOVA to probe whether the different oscillatory patterns associated with the CR and
no-CR trials and memory consolidation across sessions in the previous analysis were statistically significantly different.
This analysis confirmed that sustained a and B band amplitudes were stronger for the CR versus no-CR difference
(@, F,127y=25.94, p=1.44 x 1075 B, Fa,127y=13.12, p=4.40x 107%) than those for the memory consolidation across
sessions in the fissure (o, F7127=1.19, p=0.32; B, F7,127y=0.88, p=0.53; Fig. 3E, left panel). Similar trends were
observed in the hilus (a, CR vs no-CR, F,127)=10.1, p=0.002; memory consolidation, F 1,7y=1.39, p=0.21; Fig. 3E,
right panel).

In contrast, the transient y band amplitude response was stronger for memory consolidation (fissure, Fy 31y=8.23,
p =0.008; hilus, F 31y=13.17, p=0.001; Fig. 3E) than that for CR vs no-CR (fissure, F(1 31)=4.23 x 1074, p =0.98; hilus,
F1,31)=0.87, p =0.36), whereas there were no significant effects in the lower frequencies despite the statistical differences
shown in Figure 3B. However, the transient a band ITC exhibited a stronger association with memory consolidation across
TEBC sessions in the fissure (F1,31)=10.75; p=0.003) compared with that in CR vs no-CR trials (F(1 31)=0.24; p=0.63;
Fig. 3F, left panel). An interaction effect was observed between retrieval of the CS-US contingency and memory consol-
idation across the daily training sessions in the hilus (F(1 31)=10.85; p = 0.003; Fig. 3F, right panel). This analysis confirmed
that the retrieval of stimulus contingencies between the CS and the US and memory consolidation across the daily training
sessions are associated with distinct spatiotemporal patterns of neuronal oscillations.
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Figure 4. Interareal synchronization and directed interactions between hilus and fissure. A, Group-averaged interareal synchronization between hilus and
fissure estimated with PLV. Data are averaged across trials, sessions, and then across all rats (left). B, Same as in A but presenting PLV for the contrast
between CR and no-CR trials (left) and the contrast between the highest and the lowest HR (right). The transparency highlights the time and frequencies
with a significant difference. The scatter plots below show individual rat data, with red horizontal lines indicate the median, (paired t test, p <0.05).
C, Group-averaged differential phase transfer entropy (dTE) across sessions and rats during a 0.5 s post-CS period. Green marks indicate significant
dTE from hilus to fissure, blue mark indicates significant dTE from fissure to hilus. D, Distribution of mean dTE derived from surrogate data by trial shuffling.
The green or blue arrows in each subplot indicate the mean dTE of the empirical data.
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Phase synchronization and directional interactions among the hippocampal subfields

In the hippocampus, information flows from the EC to the dendrites of the DG granule cells and CA1 pyramidal cells
lining the fissure (perforant path) and from the DG to CA3 pyramidal cells via the hilus (mossy fibers). From the hilus, infor-
mation feeds back to the CA1 pyramidal cell dendrites lining the fissure (Fig. 1C). To study the information flow between
the hippocampal subfields, we computed the phase synchronization of oscillations between the hilus and fissure. Robust
phase synchrony between the hilus and fissure was found in the a band and in the high-y band (Fig. 4A, right; Monte Carlo
p <0.010, FDR corrected) despite the lack of concurrent oscillation amplitude increases. Interestingly, for local oscilla-
tions, sustained a-B band (9-16 Hz) phase synchronization between the hilus and fissure was significantly higher for
the highest %HR versus lowest %HR (Fig. 4B, right; p <0.05), whereas the early transient a and 8 band phase synchro-
nization was stronger for CR versus no-CR trials (Fig. 4B, left; p <0.05).

To further establish whether oscillatory interactions would be directional as predicted by the feed-forward information
flow from the fissure to the hilus or feedback processes from the hilus to the fissure, we estimated the directionality of
coupling using pTE (Lobier et al., 2014), focusing on the frequencies showing significant interareal synchrony.
Differential TE (dTE) was derived by the difference between pTEy_fis and pTEss |_ni across all sessions and rats. In the
a and B bands, information flow was significant from the hilus to the fissure (Fig. 4C,D, green marks; Monte Carlo
p <0.050), whereas oscillations at high-y (80 Hz) band showed the opposite direction, from the fissure to the hilus
(Fig. 4C,D, blue marks; Monte Carlo p <0.050).

Nested a-y oscillations associated with learning across sessions

We then examined the PAC between oscillations across frequencies and laminar pairs. Specifically, we focused on the
coupling of a phase (9 Hz) with higher frequencies. Robust a:y PAC characterized the LFP signal within the hilus and
between the hilus and fissure across all windows (Fig. 5A). PAC did not differ between CR and no-CR trials (Fig. 58); how-
ever, there was a notable increase in a:y PAC during sessions with the highest %HR compared with the lowest %HR ses-
sions between 100 and 500 ms from CS onset (Fig. 5C; paired t test; p < 0.05, corrected), showing that a:y strengthens as a
function of learning.

Discussion

TEBC has been widely used to study neuronal mechanisms of learning in humans (Cason, 1922), rabbits (Schneiderman
et al., 1962), and rodents (Weiss et al., 1996; McEchron and Disterhoft, 1999; Tseng et al., 2004). In this study, we used a
classical TEBC task in rats to investigate hippocampal oscillation dynamics linked to the retrieval of stimulus contingen-
cies within a trial (approximates as CR) from those dynamics associated with memory consolidation, that is, the improve-
ment in performance across the training sessions. Our results demonstrate that different spatiotemporal patterns of
hippocampal oscillations reflect these functions. Transient CS time-locked responses were correlated with memory con-
solidation (learning across sessions), but not with the within-session retrieval of stimulus contingencies. In contrast,
induced 6/a and y band oscillations at later time windows were correlated with the successful retrieval of the CS-US con-
tingency within sessions, but not with memory consolidation across the training sessions. These results demonstrate that
learning subprocesses are associated with distinct oscillation dynamics.

Transient early broadband activity predicts learning across sessions

The early transient broadband response was similar to that found in the sensory cortices in humans for perception (S.
Palva et al., 2005; Palva et al., 2011; Hirvonen and Palva, 2016; Julku et al., 2021) and short-term memory encoding
(Palvaetal.,2011), as well as in the primary auditory cortex in guinea pigs (Voigt et al., 2018). The transient y band amplitude
response, and 8-a ITC, predicted memory consolidation (improved performance) across the training sessions. This result
agrees with previous findings of 6 band phase at CS onset predicting hippocampal responses and learning in TEBC in rab-
bits (Seager et al., 2002; Nokia et al., 2015) and in human episodic memory tasks (Griffiths et al., 2021). The early latency of
this transient response suggests that it might reflect the encoding of the CS features and feed-forward processing of sen-
sory information (Lamme and Roelfsema, 2000), rather than short-term memory of the CS, retrieving the CS-US associa-
tion from memory, or the motor response planning. This supports the idea that improved behavioral performance across
the training sessions is due to strengthened stimulus representations of CS, which leads to memory consolidation over
time. This is also supported by the interaction effect between memory consolidation and contingency detection in the hilus.

Within-trial retrieval of stimulus contingencies is associated with sustained oscillations

Beyond the encoding of the physical environment, such as spatial mapping during navigation or exploration (O’Keefe
and Dostrovsky, 1971; Morgan et al., 2011), the hippocampus is also implicated in representing and encoding visual infor-
mation in primates (Lee et al., 2012; Jutras et al., 2013; Zeidman et al., 2015). In this study, sustained a and y band
responses were correlated with successful retrieval of CS-US contingencies, but not with learning across daily training
sessions. This indicates that processes related to retrieving the CS-US association are distinct from those mediating
improvements in learned behavior over extended periods (hours, days). Our study dissociating these two processes in
a classical TEBC task provides a novel view of the role of concurrent 8 and y oscillations, where the traditional view has
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Figure 5. PAC for CS. PAC on each laminar pair (H, hilus; F, fissure) represented in the x-axis, and the high-frequency is plotted in the y-axis. Each panel
shows each analysis window of interest (rows from left to right; leftmost, 0-0.1 s; middle, 0.1-0.3 s; rightmost, 0.3-0.5 s after stimulus onset). A, PAC using
all trials, PAC difference between poststimulus and prestimulus time windows. B, PAC difference between CR and no-CR trials. C, PAC difference between
highest %HR and lowest %HR. Black stars indicate statistically significant difference between the contrasting conditions (p <0.05, FDR corrected).

been that 6 band amplitudes (Berry and Thompson, 1978; Winson, 1978) and 6 band phase (Nokia et al., 2015) are related to
learning. Our study demonstrates that these oscillations are, in fact, associated with the successful retrieval of stimulus
contingencies. Taken together, we propose that the switch from transient broadband oscillations to sustained 6, a, and
y oscillations reflects a transition from unconscious learning-induced feed-forward processing to short-term mnemonic
associations between CS and US, enabling the retrieval of stimulus contingencies and appropriate action selection.

Interareal coupling between the hippocampal subregions
Interareal synchronization between fissure and hilus in the a, B, and y bands is consistent with the well-established ana-
tomical connectivity between hippocampal subregions (Andersen et al., 2007) and narrow-band synchronization among
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hippocampal areas (Gloveli et al., 1997; Akam et al., 2012). Similar to the temporal pattern observed in local oscillation
amplitudes, the transient early a—f band synchronization was correlated with memory consolidation across the training
sessions, whereas the later sustained a—f band synchronization was correlated with the retrieval of CS-US contingen-
cies. In these frequency bands, the direction of information flow was significant from the hilus to the fissure, while the
opposite was observed for high-y activity. Considering that the neocortex sends projections to DG granule cells, whose
dendrites occupy the molecular layer along the fissure, and that the DG granule cells convey the signal to CA3 pyramidal
cells via their axons passing in the hilus, these results suggest that, in accordance with previous work (Jensen et al., 2015;
Michalareas et al., 2016; Richter et al., 2017), oscillation-based interactions in the y band could mediate feed-forward pro-
cessing of information (along the granule cells), while the slower frequencies could exert feedback from EC to DG granule
cell and CA1 pyramidal cell dendrites.

Nested alpha-gamma coupling predicts memory consolidation

In accordance with 8 oscillations yielding clocking mechanisms for the temporal coding of information in the hippocam-
pal-subicular network (Buzsaki and Chrobak, 1995; Chrobak and Buzsaki, 1996; Lisman and Jensen, 2013), robust PAC
between the phase of a oscillation and the amplitude envelope of y oscillation characterized local and interareal hippo-
campal oscillation dynamics. Intriguingly, similar to the interareal synchronization, the strength of this a:y PAC predicted
memory consolidation across training sessions, suggesting that learning over time is dependent on a complex pattern of
both local and interareal interactions between hippocampal subregions. These data agree with prior studies that have
observed 8-y PAC in the rat hippocampus during a T-maze task (Tort et al., 2008) and associative learning (Tort et al.,
2009), as well as in the neocortex during a recognition memory task (Siebenhiihner et al., 2016; Bahramisharif et al., 2018).
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