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SUMMARY

How the coordination of neuronal spiking and brain rhythms between hippocampal subregions supports
memory function remains elusive. We studied the interregional coordination of CA3 neuronal spiking with
CA1 theta oscillations by recording electrophysiological signals along the proximodistal axis of the hippo-
campus in rats that were performing a high-memory-demand recognition memory task adapted from
humans. We found that CA3 population spiking occurs preferentially at the peak of distal CA1 theta oscilla-
tions when memory was tested but only when previously encountered stimuli were presented. In addition,
decoding analyses revealed that only population cell firing of proximal CA3 together with that of distal
CA1 can predict performance at test in the present non-spatial task. Overall, our work demonstrates an
important role for the synchronization of CA3 neuronal activity with CA1 theta oscillations during memory

testing.

INTRODUCTION

Retrieving memories for previously encountered objects, odors,
people, or places is crucial for dealing with daily-life situations. In
humans and animals, this ability relies heavily on the hippocam-
pus, whose anatomy and functional role are largely conserved
across species.'~ The hippocampus comprises distinct func-
tional domains, such as the hippocampal subfields CA1 and
CAZ3, which are part of the anatomical pathway that is the most
scrutinized for its contribution to memory (the “trisynaptic
loop”) and features extensive anatomical projections from CA3
to CA1.5"2 An important focus in memory research has been
to elucidate the mechanisms supporting memory. How neuronal
spiking activity coordinates local and interregional oscillations
has drawn much attention.’®° However, whether these func-
tional relationships contribute to memory performance in a deci-
sive manner remains unclear.

Theta oscillations (centered at 8 Hz) are prominent in the hip-
pocampus and have been shown to play an important role in
memory function.”"? In rodents, theta oscillations facilitate
memory processes by coordinating signals within or between
areas as seen with the precession of neuronal firing in relation
to theta phase as a function of an animal’s experience.?* %’
This is also illustrated by the synchronization of spiking activity

with theta oscillations between the hippocampus and the pre-
frontal or the entorhinal cortex.”®** In humans, the amplitude
of theta oscillations varies in a task-dependent manner, and
memory performance improves when stimuli are presented at
a theta frequency.®>~¢

A tremendous amount of knowledge has been accumulated
on local couplings within the hippocampal subfields CA1 or
CA3 (i.e., spike-to-theta phase locking within CA1 or CA3) in ro-
dents in studies investigating spatial navigation using tasks such
as running on a linear track.>**":3°=*? |n contrast, the relationship
between theta oscillations and neural spiking activity between
hippocampal subregions and its ties to memory performance
are not yet well understood. Hence, whether the coordination
of CA3 neuronal spiking activity with CA1 theta oscillations
(i.e., CA3 spike to CA1 theta phase coupling) bears an important
role in recognition memory remains elusive, especially in tasks
that are devoid of salient spatial information with high memory
load that are often used in humans.**~*¢

During the past decade, immediate-early gene imaging and
electrophysiological studies have provided robust evidence for a
functional segregation of spatial and object/odor information pro-
cessing along the proximodistal axis of CA1 and CA3.*° These
findings suggest that distinct subnetworks exist within the hippo-
campus that would preferentially process either spatial or
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Figure 1. Schema of the “spatial” and “non-spatial” subnetworks of the hippocampal region, odor recognition memory paradigm, and
hippocampal recording sites

(A) The “segregated paths” model describing subnetworks preferentially processing spatial and non-spatial information: the “spatial” and the “non-spatial”
subnetworks (in green and red, respectively).””®' The non-spatial subnetwork includes the lateral entorhinal cortex (LEC), proximal CA3 (proxCA3), distal CA1
(distCA1), and the exposed blade of the dentate gyrus (exp. DG). The spatial subnetwork includes the medial entorhinal cortex (MEC), distal CA3 (distCA3),
proximal CA1 (proxCA1), and the enclosed blade of the DG (encl. DG).

(B) Delayed non-matching to odor memory task: each day, the session started with rats resting in their home cage placed in the recording booth for 20 min
(baseline). Thereafter, rats sampled 10 different odors, one by one, during the study phase (the study list changed each day). After a 20-min delay, the memory for
these odors (“repeated” odors) was tested by presenting to the rats the same odors intermixed with 10 other odors that had not been experienced during the
study phase (i.e., “non-repeated” odors), one by one and in a pseudorandom manner. Both repeated and non-repeated odors were part of a pool of 40 familiar
odors that had been used in a pseudorandom manner over the 2 months of training. According to a non-matching to sample rule, rats report a repeated odor by
refraining from digging and turning away from the stimulus cup (i.e., a correct response) and a non-repeated odor by digging into the stimulus cup (i.e., a correct
response). Memory performance (percent correct) was calculated on the basis of these responses.

(C) Recording sites were located at the tips of the blue parallel lines and distributed along the entire proximodistal axis of CA1 and CA3 at approximately AP —3 to
—4 mm from bregma.

non-spatial information: the “spatial” subnetwork including distal
CAB3 (distCA3) and proximal CA1 (proxCA1) and the “non-spatial”
subnetwork including proxCA3 and distCA1 (Figure 1A*"*"). How-
ever, in vivo evidence for such subnetworks as well as evidence of
a functional interaction within these subnetworks is missing.
Here, we examined the relationship between neuronal activity
and theta oscillations in vivo both within and between CA3 and
CA1 and its ties to memory performance. In an attempt at
bridging further human and animal recognition memory, we
leveraged a high-demand-memory task adapted from humans
to rats,®"°*°° simultaneously recorded the electrophysiological
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activity along the proximodistal axis of CA1 and CAS3, and
analyzed neuronal activities at population and single-cell levels.
In humans, recognition memory tasks typically consist of pre-
senting a list of stimuli, for example words appearing one at a
time in the center of a screen consecutively, to which memory
for these stimuli is evaluated. This evaluation is done by present-
ing sequentially the same stimuli (“repeated”) intermixed with
stimuli that were not part of the study list (“non-repeated”) and
calculating the percentage of correct responses.“>° In a similar
manner, here, we examined the memory for a series of stimuli
experienced during a study phase in rats by presenting at test



Cell Reports

the same stimuli (repeated stimuli) intermixed with stimuli that
rats had not experienced during the study phase (non-repeated
stimuli) (Figure 1B). Given that olfaction is the primary sense of
rodents and that rats have an exceptional memory capacity for
odors, odors from a pool of forty common household scents
were used as stimuli.

We found that the spiking activity of CA3 neurons was selec-
tively phase locked close to the peak of distal CA1 theta oscilla-
tions during the retrieval of the memory of a previously encoun-
tered stimulus (repeated stimulus) but not when the stimulus was
not experienced during the study phase (non-repeated). We also
show that the population phase information of CA3 spikes pre-
dicted memory performance trial by trial only when theta was
referenced to the distal part of CA1. Our results suggest that
the coordination of CA3 activity with CA1 theta rhythm may
constitute one of the fundamental mechanisms supporting
memory retrieval and indicate a preferential involvement of prox-
imal CA3 and distal CA1 in processing non-spatial memory.

RESULTS

Local field potential (LFP) and single-unit activity in CA1 and CA3
were simultaneously recorded in the same animals (5 rats; 633
neurons: 394 in CA1 and 239 in CA3; Table S1A) from up to 16
sites using tetrode arrays covering the transverse (proximodistal)
axis of CA1 and CAS3 (Figure 1C; see STAR Methods for localiza-
tion of the tetrodes and clustering criteria). Population activity,
single-cell firing and characteristics of theta oscillations (@ampli-
tudes), as well as cross- (CA3-CAT1) or within-area (CA1-CA1 or
CA3-CA3) spike-theta phase-locking properties and their rela-
tionships to memory performance, were studied in the same
behavioral arena at baseline (i.e., prior to the study phase) as
well as during the study and the test phase of the task (Figure 1B;
see STAR Methods; Figure S1: analysis epochs).

A proximodistal gradient in population activity
discriminating repeated from non-repeated odors trial
by trial

Discrimination between stimuli or spatial contexts has been
recently reported to be coded at the population level rather
than by individual cell firing.?*°®°” Hence, we first investigated
whether population activities (i.e., the combined mean firing
rate of individual neurons) could reflect discrimination between
repeated and non-repeated odors during the test phase of the
task trial by trial. The period analyzed started upon stimulus pre-
sentation (when the front edge of the stimulus platform crossed
the wall of the cage) and ended 2 s later, before behavioral
response (turning or digging; the time window of 2 s was defined
based on prior experiments showing that behavioral response in
this task occurs shortly after 2 s; see Figure S1 for exact time
windows). Rats were alertly waiting during this 2-s period. We
used a support vector machine (SVM) algorithm to analyze the
population activities of all recorded neurons in each animal at
test (n = 127 neurons on average per animal; Table S1A).°%°°
First, we tested whether the SVM classification performance of
all neurons would match the animal’s memory performance,
which would indicate an important contribution of hippocampal
population cell firing to memory retrieval. In agreement with liter-
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ature, we found this was the case (Figure 2A, blue and white
bars; averaged SVM performance of all neurons: 75% correct;
averaged animal memory performance: 80% correct, n = 5;
SVM vs. memory performance: t4 = 1.414, p = 0.230, paired t
test; Table S1A; SVM > chance level: t, = 7.905, p = 0.001,
one-tailed t test). Second, we observed that only population
cell firing of the areas belonging to the hippocampal subnetwork
preferentially processing non-spatial information (proxCA3+
distCA1) could account for the classification performance of all
recorded neurons, indicating a prominent role of cell firing at
the population level in proxCA3 and distCA1 for odor memory
retrieval (Figures 2A and 2B; SVM performance [proxCA3+dis-
talCA1]: 77%; compared to all neurons: t, = 0.302, p = 0.778,
paired t test; SVM > chance level: t, = 5.511, p = 0.005; one-
tailed t test, proxCA3+distCA1 neurons represent ~69% of the
recorded neurons; SVM performance [distCA3+proxCA1]:
~54%; compared to all neurons: t; = —2.852, p = 0.033; paired
t test; SVM > chance level: t3 = 0.522, p = 0.638, one-tailed t
test, all comparisons false discovery rate [FDR] corrected; see
Table S1A). Moreover, the SVM classifier for the areas belonging
to the counterpart subnetwork (distCA3+proxCA1) performed
significantly lower than the classifier for proxCA3+distCA1
(paired t test, t3 = —2.435, p = 0.047), supporting the hypothesis
that proxCA3 and distCA1 might be more engaged than distCA3
and proxCA1 for retrieving non-spatial (odor) memory.

Furthermore, we tested whether population firing activities of
all neurons could predict behavioral responses per se (i.e., dig-
ging or turning independently of whether animals responded
correctly or not). We found that population firing activities of
all neurons did not account for digging or turning per se
(Table S1A; averaged SVM performance for behavioral re-
sponses: 59%; SVM > chance level: t, = 0.91, p = 0.181).

We also found that all recorded neurons did not contribute to
the same extent to the population classification performance by
using an iterative feature selection procedure, deleting neurons
one at a time to assess if the deletion of a specific neuron affects
the population performance (Figure S3). For each iteration, one
neuron was removed from the whole population (n = N) in a given
animal, and the rest of the population (n = N — 1) underwent SVM
classification analysis. If the performance of the remaining pop-
ulation (n = N — 1) was lower than the performance of the whole
population (n = N), the removed neuron was termed “effective.”
Otherwise, it was termed “non-effective” (see Figure S3 and
STAR Methods for the iterative procedure). On average, 7% of
the neurons recorded in each animal were deemed effective
(i.e., on average 9 effective vs. 117 non-effective neurons per an-
imal, 47 vs. 586 in total across animals; Table S1A). The classifi-
cation performance across animals for these effective neurons
was higher than that of the rest of the neurons (effective vs.
non-effective neurons: t, = 2.971, p = 0.041, paired t test; light
blue vs. gray bar; Figure 2C), as expected given the selection
process. What the selection process could not account for, how-
ever, is that the performance of this 7% of neurons (n = 9 on
average) was comparable to that of all recorded neurons
(n=127 on average; mean SVM performance effective neurons =
85% correct; effective vs. all: t, = 1.907, p = 0.129, light vs. dark
blue bar; of note, this was not the case for non-effective neurons
vs. all: t;, = —3.361, p = 0.028, paired t tests, Figure 2C, gray vs.
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NS Figure 2. Memory and SVM performance:
Topographical distribution of “effective”
. neurons along the proximodistal axis of CA1
and CA3

(A) Memory performance on the recording day and
population classification performances of all neu-
rons discriminating between “repeated” and “non-
repeated” stimuli (across the 5 recorded rats)
obtained using a support vector machine (SVM) al-
gorithm. Rats were trained until they reached a
plateau performance of at least 75% correct
choices over 3 consecutive days; subsequently,
single-cell firing and LFP were recorded during an
additional session with above-threshold (75% cor-
rect) behavioral performance. The population clas-
sification performance of all neurons could account
for the behavioral memory performance. Dots indi-
cate the performance for individual rats (N = 5).

(B) SVM population classification performances
across the 5 recorded rats based on neurons
belonging to the “non-spatial” subnetwork (prox-
imal CA3+distal CA1) or to the “spatial” subnetwork
(distal CA3+proximal CA1). Only the population
classification performance of the neurons belonging
to the non-spatial subnetwork (proxCA3+distCA1)
was comparable to the SVM performance of all re-
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corded neurons. Moreover, SVM performance
temporal

of proxCA3+distCA1 was higher than that of neu-
rons belonging to the spatial subnetwork (dis-
tCA3+proxCA1). Averaged cell counts per animal
are in brackets and rounded up or down for clarity
(see Table S1A).

(C) The SVM performance of “effective” neurons (on

average n = 9 neurons per rat) but not that of the “non-effective” neuron population could also account for the SVM performance of all recorded neurons and

memory performance.

(D) Anatomical location of the five proximodistal segments of CA1 and CA3 in which neural activities were recorded. Segment 1 is more medial and segment 5
more temporal (see STAR Methods for segment normalization procedure). In CA1, segment 1 is the most distal and segment 5 the most proximal; in CA3,

segment 1 is the most proximal and segment 5 the most distal.

(E and F) Distribution of the proportions of effective neurons along the proximodistal axis of either CA1 (E) or CA3 (F). In CA1, the slope of the linear regression was
significantly smaller than zero (p = 0.04), indicating a distal to proximal gradient of the distribution of effective neurons in CA1 (higher proportion in distal CA1). In
CAB, although the slope failed to reach significance, comparing the two most proximal (1 and 2) to the two most distal (4 and 5) segments of CA3 indicated a larger
proportion of effective neurons in the most proximal part. Altogether, these data indicated a prominent role of population cell firing in proximal CA3 and distal CA1
(the non-spatial subnetwork) during the test phase of the odor memory task when compared to that of distal CA3 and proximal CA1 parts of the spatial sub-
network. Dots, proportions of effective neurons in each segment; red line, linear fit; red dotted lines, 95% confidence bounds. Error bars: SEM. *p < 0.050.

dark blue bar), and that SVM performance of the remaining non-
effective neurons (n = 117 on average) would not differ from
chance level (mean SVM performance of non-effective neurons =
51% correct; t4 = 0.134, p = 0.900), while the classifier perfor-
mance of effective neurons did (comparison to chance level:
t4=8.367,p =0.001, one-sample t test, Figure 2C). Hence, these
results indicate that population firing activities of about 7% of the
recorded neurons (47/633, effective neurons/all neurons across
animals) can account for the SVM classification performance of
all recorded neurons (Figure 2C; Table S1A).

Moreover, the topographical distribution of the effective neu-
rons was not homogeneous along the proximodistal axis of
CA1 and CA3 (Table S2). In CA1, the distribution of effective neu-
rons linearly decreased from distal to proximal (Figures 2D and
2E; p = 0.040, slope different from zero; Table S2). In CAS,
although the distribution did not linearly decrease from proximal
to distal when all segments were taken into consideration (Fig-
ure 2F; p = 0.110), a direct comparison between the two most
medial and the two most temporal segments revealed a higher
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proportion of effective neurons in the proximal than the distal
part of CA3 (segments 1-2 vs. segments 4-5: z = 3.230,
p = 0.001, two-proportion z test), bringing further support to
the hypothesis of a preferential tuning of proxCA3 and distCA1
(belonging to the non-spatial subnetwork) to the processing of
odor information during memory retrieval.

Finally, we examined whether there was a general increase or
decrease in firing rates for the retrieval of repeated odors when
compared to non-repeated odors in individual CA1 and CA3 neu-
rons. Mean individual firing rates differed between repeated and
non-repeated odors in only 41 out of 633 neurons (i.e., 6.5% of
all neurons, 8 neurons per animal on average, Table S3; paired t
test, threshold at p < 0.050, example cell firing patterns in Fig-
ure S4; 5 out of the 41 are effective neurons) and did not generally
increase or decrease for either stimulus type (4.8 neurons per an-
imal increased and 3.4 decreased, increasing vs. decreasing pro-
portion: p = 0.270, two-proportion z test; see Table S3 for individ-
ual animals). Combining the firing rates of the neurons with
differential firing rates could predict memory performance (SVM
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Figure 3. Theta power was high during non-spatial (odor) memory, especially during the test phase

(A) Examples of individual unfiltered local field potential overlaid with filtered theta oscillations (6-12 Hz) of one representative recording session during baseline,
study, test, and free run, indicating that theta oscillations are strong during the different phases of the present task, which is devoid of salient spatial components
(averaged animal’s speed at baseline: 1.63 cm/s; speeds at test and free-run traces were matched: ~5.5 cm/s; animal’s speed at study: 8.48 cm/s). Note that
even when the animal’s speed was higher (study phase), theta amplitudes were lower.

(B) Power spectrum analysis of one example session indicating a higher theta power at retrieval (for both “repeated” [red] and “non-repeated” [blue] trials) and
free run (magenta) compared to baseline (black) and study (green).

(legend continued on next page)
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performance: 61%, t4 = 11, p < 0.001, one-tailed t test to chance
level; Table S1B) but to a lower extent than combining the firing
rates of effective neurons that are comparable in number (n = 9
per animal in average, 47 in total across animals; comparison to
SVM performance of effective neurons (i.e., to 85% correct;
t4=5.237, p = 0.006, paired t test; Figure S2). Furthermore, we as-
sessed whether the firing rate, this time, of all CA1 and CA3 neu-
rons (i.e., differentially firing or not) was overall enhanced or sup-
pressed during repeated trials in comparison to non-repeated
trials. This was not the case, as CA1 neuronal firing rates were
higher for the retrieval of repeated odors than non-repeated odors
in only two out of five rats (no differences in CA3 for these rats; no
differences in the three remaining rats in either CA1 or in CAS3; Fig-
ure S5). Taken together with our earlier finding that the proxCA3+
distCA1 population activity can discriminate repeated from non-
repeated odors, this indicates that differences in population activ-
ity between stimulus types might be a better predictor of memory
performance than a general enhancement or suppression of sin-
gle-cell firing rates.

Altogether, these results show that population activity in
distCA1 and proxCA3 alone can account for the population clas-
sification performance of all recorded neurons, suggesting that
the non-spatial hippocampal subnetwork may play a preponder-
ant role in memory retrieval in this task. Moreover, this finding rai-
ses the possibility of a preferential coordination of proxCA3
and distCA1 electrophysiological signals during odor memory
retrieval. To further test this hypothesis, we investigated CA3
spikes to CA1 theta phase locking along the proximodistal axis
of CA1 and CA3.

Preferential CA3 spike-distal CA1 theta coordination
during odor memory test

Theta oscillations in rodent CA1 have been shown to play a
crucial role in spatial navigation tasks, while, in comparison,
much less is known about their role in non-spatial memory, espe-
cially in tasks with high memory demands. Hence, we first stud-
ied CA1 theta oscillation characteristics (cycle-by-cycle ampli-
tudes, i.e., power) in the odor task used in the present study.
This was done along the proximodistal axis of the hippocampus
in the animals previously described. Second, we investigated the
relationship between neuronal spiking and theta oscillations be-
tween and within CA3 and CA1 and how this relationship could
account for memory performance.

CA1 theta oscillation’s amplitudes are high during odor
memory, especially during the test phase of the task
Theta oscillations in distal CA1 were strong during all phases of
the task: i.e., at baseline (resting period before study), study,
and test (see Figures 3A and 3B for individual examples of theta
oscillations and power spectra and Figure S6 for examples of
longer raw traces). At the group level, the frequency of theta oscil-
lations was similar throughout the phases of the task (F», 12 = 0.07,
p = 0.930, one-way ANOVA, Table S4). In addition, using a cycle-
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by-cycle analysis optimized for trials with short durations, as is
the case in our task (~2 s°°), we showed that averaged theta
cycle amplitudes (i.e., theta power) were significantly larger in
CA1 at retrieval than in study or baseline phases in all animals
(%% = 7.6, p = 0.022, Friedman’s test [nonnormal distribution of
theta amplitudes]; comparisons within individual animals: all p
values < 0.001, Mann-Whitney U tests; see an example of theta
cycle amplitudes in Figure 3C; theta amplitudes were also larger
in study phase than in baseline: all p values < 0.050; all compari-
sons FDR corrected; Table S5). In contrast, theta power was com-
parable for the presentation of repeated and non-repeated odors
at test in 4 out of 5 animals (p > 0.105 Mann-Whitney U test, Fig-
ure 3D; see Table S5 for individual data), and no general pattern
could be observed between “pre-trial” and “in-trial” periods of
the task (i.e., 2 s before vs. after stimulus delivery at test; theta po-
wer was lower before stimulus presentation in 2 rats, higher in 1
rat, and comparable before and after stimulus presentation in
the remaining 2 animals; Table S5; see Figure S1 for the descrip-
tion of pre- and in-trial periods and STAR Methods for details) sug-
gesting that theta power was rather homogeneous throughout the
retrieval phase of the task.

Because running speed was reported to affect theta po-
wer,?"®1755 we further studied the relationship between the speed
of animals in our task and the amplitude of theta oscillations. The
average speed significantly differed across task phases (F5 12 =
30.12, p < 0.001, one-way ANOVA, Table S6). The speed at study
and test was low, and post hoc analyses revealed that they were
comparable across the five animals (median + std = 4.34 + 0.03
and 4.69 + 0.26 cm/s, respectively; tg = 1.412, p = 0.260, two-
sample t test) and, as expected, higher than at baseline (1.35 +
1.38 cm/s; baseline vs. study or test: p < 0.001, two-sample t
tests: FDR corrected; see Figure S7; Table S6 for individual
data). Moreover, a mixed-effect linear model analysis, using
task phase, running speed, and their interaction as fixed effects
and individual animals as random effect, revealed that theta po-
wer was significantly affected by the task phase (p < 0.001) but
not the running speed (p = 0.480; for more details, see STAR
Methods, analyses section). This indicates that the phase of the
task is more likely than the running speed to contribute to the
enhancement of the observed theta amplitudes.

Altogether, these results indicate that theta power is high dur-
ing the present odor memory task, as has also been previously
described during spatial tasks. Moreover, our data show that
theta power in distal CA1 is especially high during memory
retrieval, that this enhancement lasts throughout the entire test
phase of the task, and that the increase in the amplitude of theta
oscillations is unlikely to stem solely from changes in movement
speed.

Theta power is higher in distal CA1 than proximal CA1 in
trained, but not naive, rats

We also found that the amplitude of theta oscillations in the five
trained rats was higher in distal than proximal CA1 (all p

(C) Example distributions of the amplitude of each theta cycle during baseline, study, and retrieval in one representative animal. Cycle-by-cycle analyses
optimized for short duration trials®’ revealed that averaged theta cycle amplitudes (i.e., theta power) were enhanced during the test phase of the task compared to

baseline or study.

(D) In contrast, theta power was comparable at test of either type of stimulus as revealed by the overlapping distribution of theta cycles’ amplitudes for repeated

and non-repeated odors. A.u., arbitrary unit.
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values < 0.010, FDR corrected; see Table S7). Furthermore, this
difference was independent of the phase of the task (Friedman’s
test on Kolmogorov-Smirnov (KS) test D-values (difference of
theta amplitudes between distal and proximal CA1) across
different task phases: p = 0.247; see Figures 4A-4C for examples
of theta amplitudes’ distribution during the task, Figure S10 for
example theta traces, and Tables S7 and S8 for individual theta
amplitudes comparison; see STAR Methods for details). Such a
proximodistal difference was also observed during free run in
trained rats (all p values < 0.001, KS test, FDR corrected, Fig-
ure 4D; Tables S7 and S8; see results in supplemental informa-
tion for more analyses on free run). In contrast, amplitudes of
theta cycles did not consistently differ between distal and prox-
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Figure 4. The distributions of the amplitude
of theta cycles in distal and proximal CA1 in
representative trained or naive rats

(A-D) The amplitudes of theta cycles (power) were
enhanced in distal CA1 when compared to proximal
CA1 in all phases of the task as well as during
free run when the animal has been trained (over
2 months) on the odor memory task.

(E) In contrast, theta power was comparable in distal
and proximal CA1 in naive animals during baseline
(resting period).

(F) Differences in the amplitude of theta cycle be-
tween distal and proximal CA1 were obtained using
the Kolmogorov-Smirnov test to generate the D
value (Maximum|Fo, — Fr,|, Fx = observed cumula-
tive frequency distribution of a random sample of n
observations) for each animal. Theta cycles’ ampli-
tudes at baseline were higher in distal than proximal
CA1 intrained (N = 5) but not in naive animals (N = 5).
Of note, the average speed of trained and naive rats
at baseline was comparable. **p < 0.010. Dots, in-
dividual D values. Error bars: SEM. All together,
these results suggest the absence of “constitutive”
proximodistal differences in theta power along CA1
and might indicate a tuning of distal CA1 to the
processing of non-spatial (odor) information over
time.

imal CA1 in naive animals resting in their
cage (n = 5; Figure 4E; Tables S7 and
S8), and a direct comparison between
trained and naive animals at baseline es-
tablished that proximodistal differences
were significantly larger in trained than
naive animals (p = 0.008, Mann-Whitney
U test on KS test D-values, Figure 4F;
Table S8). Importantly, the average speed
of the animals at baseline was comparable
between trained and naive rats (1.35 + 1.18
and 0.99 + 1.08 cm/s, respectively; two-
sample t test, p = 0.626, Table S6), indi-
cating that the increase in theta amplitudes
in trained rats was unlikely to stem from a
difference in the animals’ speed.
Altogether, these results suggest a se-
lective enhancement of theta oscillations
in distal compared to proximal CA1 in terms of the amplitude
of theta cycles in rats that underwent over 2 months of training
in the odor memory task used in the present study. In addition,
these data reveal the absence of gross “constitutive” differences
between the theta oscillations in distal and proximal CA1, sug-
gesting that the enhancement of theta amplitudes in distal CA1
may stem from a selective tuning of this area to the processing
of odor, both across and within sessions.
Only the phase locking of CA3 spikes to distal CA1 theta
can account for memory performance
To test whether proximodistal differences in the coordination of
neuronal spiking and theta oscillations between CA3 and CA1
play an important role in memory retrieval in the present task,

naive
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Figure 5. The majority of CA3 spikes are phase locked to distal CA1 theta oscillations during the test phase of this non-spatial memory task
(A) Left, proportion of different types of CA3 neurons phase locked to distal CA1 theta oscillations: the “phase-discriminating neurons” (in green, with a phase-
locking angle differing between “repeated” and “non-repeated” odors) and non-phase-discriminating neurons (type | [in blue] and type Il [in gray]). Type | neurons
were phase locked to the same angle of the theta phase oscillations for repeated and non-repeated odors. Type |l were phase locked for only one type of stimulus
(gray). About half of the CA3 neurons phase locked to CA1 theta (51%) could discriminate between repeated and non-repeated stimuli—i.e., were phase-
discriminating neurons. Right, CA3 phase-discriminating neurons (green on the left) could be subdivided into three groups: the majority of neurons (>70%) were
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we evaluated the proportion of CA3 neurons phase locked to
theta oscillations in either distal or proximal CA1. A comparable
number of neurons were recorded in proximal and distal CA3
(proxCAS3: n = 130; distCA3: n = 109). However, the majority of
distCA3 neurons were silent when memory was tested (only 14
out of 109 distCA3 neurons fired more than 20 spikes, while
128 out of 130 proxCAS neurons fired over this threshold), indi-
rectly supporting our hypothesis that proximal CA3 might be
more relevant than distal CA3 for non-spatial information
processing.

Analysis on the single-cell level revealed that the vast majority
of the CA3 neurons that spiked during the retrieval of both
repeated and non-repeated odors were phase locked to distal
CA1 theta (135/150; i.e., 90%, 27 per animal on average). For
about half of these neurons, the preferred phase-locking angle
differed between repeated and non-repeated odors (69/135,
i.e., 51%, out of which were 10 effective neurons, 13.8 per ani-
mal; Figure 5A left; threshold at p < 0.050, circular Watson-
Williams multi-sample test for equal variance; see STAR
Methods for details). These neurons were termed ‘“phase-
discriminating” neurons. Most phase-discriminating neurons
were locked to different phases of distal CA1 theta when
repeated or non-repeated odors were presented at test
(i.e.,71%; 49/69; 9.8 neurons per animal, Figure 5A right; see in-
dividual example in Figures 5B and 5C), while the remaining were
phase locked to only one of the two stimulus types (non-
repeated odors: 19%, 13/69, 2.6 neurons per animal; repeated
odors: 10%, 7/69, 1.4 neurons per animal; Figures 5F, 5G, 5D,
and 5E, respectively). Similar results were found in relation to
the CAS3 spikes phase locking to proximal CA1 theta (89% are
phase locked; 136/150; 27.2 per animal), among which 46%
were phase-discriminating neurons (62/136; 12.4 per animal).
In summary, analysis on the single-cell level revealed that the
spikes of a similar proportion of CA3 neurons were phase locked
to distal or proximal CA1 theta.

At the population level, the analysis of the mean angle of the
phase-discriminating CA3 neurons to distal CA1 theta revealed
that CA3 neurons tend to fire slightly after the peak of distal
CA1 theta (circular mean = 1.5°) only when repeated odors
were presented (circular Rayleigh test: repeated, p = 0.017;
non-repeated, p = 0.880; Figures 6A and 6B). By contrast, using
theta oscillations in proximal CA1 as a reference did not yield any
specific patterns for repeated or non-repeated odor retrieval
(circular Rayleigh test: repeated: p = 0.700; non-repeated:
p = 0.560; Figures 6C and 6D). To compare directly the phase
locking of CA3 spikes to distal and proximal CA1 theta for
repeated and non-repeated stimuli, we calculated the circular
distances of each neuron’s mean phase to the circular median
of each condition®® and performed a circular HKtest to compare
all conditions at once.®” This analysis yielded a significant inter-
action effect between “CA1 theta location” and “stimulus type”
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(F1,318 = 6.150, p = 0.014; circular HKtest). To test if the theta
phases of CA3 spikes are more phase locked to distal than prox-
imal CA1 theta during repeated trials (i.e., if the dispersion of the
angles is smaller using distal than proximal CA1 theta), we first
performed a post hoc analysis on the angular distances to the
circular median angles of each dataset.®® This comparison re-
vealed a significant difference (p = 0.034, FDR corrected; one-
tailed Mann-Whitney U test), indicating that CA3 spikes are
more phase locked to distal CA1 than to proximal CA1 theta.
Second, we examined whether CA3 spikes were more phase
locked to distal CA1 theta during repeated than non-repeated tri-
als, i.e., whether the dispersion of the angles is smaller during
repeated than non-repeated trials using distal CA1 theta as a
reference. This comparison also reached significance (p =
0.046, FDR corrected; one-tailed Mann-Whitney U test on the
angular distances to the circular median angles of each dataset),
suggesting that CA3 spikes are more phase locked to distal CA1
for repeated than non-repeated stimuli. Altogether these results
revealed that CA3 spikes are more phase locked to distal than
proximal CA1 theta, only for repeated stimuli, suggesting a se-
lective role of the phase locking of CA3 neurons to distal CA1
theta for retrieving the memory of non-spatial (odor) information.

This result was confirmed by an SVM population analysis
showing that the phase information of CA3-discriminating neu-
rons referenced to distal CA1 theta could predict better memory
performance trial by trial than the phase information referenced
to proximal CA1 (SVM performance: distCA1 89% and proxCA1
49% correct; t tests to chance level: p = 0.001 and p = 0.500,
respectively; paired t test between distal and proximal CA1
theta: t, = 3.679, p = 0.021; Figure 6E). Hence, these results es-
tablished that the phase locking of population CA3 spikes to
distal CA1 theta is indicative of a prominent role in supporting
odor memory retrieval trial by trial when compared to theta
phase locking to proximal CA1.

Local spike-theta phase locking in CA3 or CA1 is less
critical than cross CA3-CA1 phase locking during the
test phase of the task

Subsequently, we evaluated to which extent the coordination of
the spiking activity with local theta oscillations in CA3 or CA1 at
the population level might contribute to memory retrieval and
how this contribution differs from that of the cross-region phase
locking.

In CA3, most neurons spiking during the presentation of both
repeated and non-repeated odor at test were phase locked to
local CA3 theta (theta recorded at the same electrode as the
spike; 89%, 133/150, 27 neurons per animal). Over half of the
neurons phase locked to local CA3 (53.4%; 71/133, 14.2 neu-
rons per animal) were phase-discriminating neurons (i.e., mean
theta phases were different between the presentation of
repeated and non-repeated stimuli). No preferred angles were
found for the population phase-discriminating CA3 spikes to

phase locked to different phases of distCA1 theta oscillations for repeated and non-repeated odors, while about 20% were phase locked for non-repeated and

10% for repeated stimuli.

(B and C) Phase distributions of representative neurons phase locked to CA1 theta with different angles upon the presentation of repeated and non-repeated

odors.
(D and E) Phase locked only repeated odors.

(F and G) Phase locked only for non-repeated odors. Red arrows: mean angle of the population cell firing. “rep,” repeated; “non-rep,” non-repeated.
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Figure 6. CA3 phase-discriminating neurons are
preferentially phase locked close to the peak of
distal CA1 theta for experienced (“repeated”)
odors during the test phase of the task, and classi-
fication performance of population CA3 spikes-
distal CA1 theta phases predicts memory perfor-
mance

(A-D) The population distribution of the preferred angle of
the theta phases of CA3-discriminating neurons was
concentrated close to the peak of theta at test for
“repeated” odors when distal CA1 theta was used as a
reference (A, mean angle = 0.220, var = 0.758) but not for
the presentation of “non-repeated” odors (B, mean
angle = —1.300, var = 0.952). No preferred angle was
identified when theta in proximal CA1 was used as a
reference for either repeated (C, mean angle = —2.492,
var = 0.973) or non-repeated (D, mean angle = —2.984,
var = 0.898) odors.

(E) SVM classification performances using theta phases of
CAS3 spikes either referencing to distal CA1 or proximal
CA1. The classification performance using the phases of
the CAS neurons referencing to distal CA1 theta, but not to
proximal CA1 theta, was above chance level and com-
parable to memory performance. This indicated that
interregional coupling (spike to theta oscillations) between
CA3 and CA1 can predict memory performance trial by
trial and plays an important role in recognition memory,
especially between CA3 and distal CA1 for odor memory.
The number of CA3 theta phase discriminating neurons
per animal is in brackets. CA3 neurons were recorded
along the entire proximodistal axis of CA3. Dots, individual
SVM performance; red arrows: mean angle of the popu-
lation cell firing. Error bars: SEM. *p < 0.01.
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local CA3 theta oscillations for either odor type (repeated: mean
angle = —0.153, p = 0.061; non-repeated: mean angle = —1.469,
p = 0.857; Figures 7A and 7B; circular Rayleigh tests), and the
SVM classification performances for CA3 discriminating neurons
phase locked to local CA3 theta were low and did not differ
significantly from chance level (44% correct, p = 0.374, FDR cor-
rected; Figure 7E). Overall, these results suggest that local spike-
theta phase locking in CA3 does not critically contribute to mem-
ory performance in this task.

In CA1, 93% of the CA1 neurons spiking during both repeated
and non-repeated odors at test were phase locked to local CA1
(223/239 neurons, 44.6 neurons per animal) with half of these
neurons (49%, 110/223, 22 neurons per animal) being phase-
discriminating neurons. Population phase-discriminating CA1
spikes were selectively phase locked close to the peak of local
CA1 theta oscillations for the delivery of both repeated and
non-repeated odors at test (repeated: mean angle = 0.166,
p = 0.043; non-repeated: mean angle = —0.304, p = 0.048; circu-
lar Rayleigh tests; Figures 7C and 7D). However, this phase lock-
ing appeared not to be decisive for discriminating repeated from
non-repeated odors, as the SVM performance using the CA1
theta phases did not significantly differ from chance level (i.e.,
35% correct, p = 0.058, FDR corrected; Figure 7E). Hence, simi-
larly to spike-theta phase locking in CA3, these results indicate
that local spike-theta phase locking in CA1 does not contribute
to a major extent to non-spatial memory performance in the pre-
sent task.

Furthermore, additional analyses revealed that SVM perfor-
mance using cross-region phase locking (CA3 spike-distCA1
theta; Figure 6E) was significantly higher than performances ob-
tained using local spike-theta phase locking in CA3 or CA1, indi-
cating that cross-region phase locking might play a more impor-
tant role than local phase locking in retrieving memories during
this task (interaction effect: F5 1, = 29.872, p < 0.001, one-way
ANOVA; Tukey-Kramer post hoc comparisons of SVM perfor-
mances, comparing CA3 spike-distCA1 theta phase perfor-
mance to local spike-theta phase locking in CA3 or CAT:
t, = 8.195, p = 0.001 and t4 = 7.526, p = 0.002, respectively,
paired t test; no difference between the local spike-theta groups:
p = 0.375; SVM performance cross-area group: 82% =+ 5.70%,
SVM local CA1 or CA3 groups: 35% + 10% and 44% =+
13.42%, respectively).

Altogether, this demonstrates that even when a high propor-
tion of neurons is phase locked to their local theta (the case for
both CA1 and CAB3), local coordination does not seem to play
an essential role in the discrimination between repeated and
non-repeated odors on a trial-by-trial basis, further indicating a
selective role of the interregional phase locking of CA3 spikes
to distal CA1 theta in non-spatial memory retrieval.

DISCUSSION

Our results on theta spike timing in the hippocampus provide
insight into the cellular and network mechanisms underlying
recognition memory in the hippocampus. We examined theta
phase locking of cells within and between hippocampal CA3
and CA1 subregions along the proximodistal axis of the hippo-
campus and its relationship to memory performance. To do so,
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we used SVM analyses and a paradigm with a high memory de-
mand often used in humans that was adapted to rats. We found
that theta power is high in this odor memory task, similarly to
spatially motivated tasks, especially during the test phase of
the task. In addition, we observed that the population phase
locking of CA3 spikes to CA1 theta, but not local coupling, pre-
dicted the memory performance of the animals, which is indica-
tive of an important role of the coordination of CA3 neuronal
activity with CA1 theta oscillations in certain non-spatial memory
tasks. Importantly, this population phase locking to the peak of
CA1 theta was observable only when theta was referred to the
distal, but not the proximal part of the CA1 region, suggesting
a functional proximodistal gradient along the CA1 axis. In addi-
tion, the findings of a higher proportion of effective neurons in
distal CA1 and proximal CA3 as well as the fact that only the
combined population cell firing of these two areas accounted
for memory performance provides further evidence that distal
CA1 and proximal CA3 may play an essential role for recognition
memory when stimuli are non-spatial.

Theta oscillations are enhanced during non-spatial
memory

Many studies investigating spatial navigation and spatial mem-
ory have reported modulations of theta oscillations in CA1,°572
while much fewer have examined the role of theta range oscilla-
tions in memory tasks devoid of salient spatial components.°~=®
In the present study, we report that high theta power is elicited
during a non-spatial memory task and modulated by the different
epochs of the task. Indeed, our results showed that theta power
is high during all phases of the task but was especially strong
during the test phase of the task (Figures 3A and 3B).

This result of an enhanced theta power in CA1 during a non-
spatial memory task is in line with one of the few studies investi-
gating non-spatial memory in rodents, which, however, focused
on intraregional couplings (i.e., did not investigate interregional
coupling as in the current study) and used different behavioral
tasks (spontaneous object recognition memory and odor-cued
delayed nonmatch-to-sample tasks).' Our data brought further
support to studies in humans reporting a similar pattern in the
hippocampus “as a whole,”*>"*~"® showing, for example, that
theta oscillations reflect cognitive demands in non-spatial tasks
by possibly organizing neural processes through traveling theta
waves.®°

The increase in theta power observed in CA1 at test in our task
is unlikely to have stemmed from an increased in locomotor ac-
tivity as reported during running in previous studies,®!®'"5°
because the behavior of the rats during recording bouts was
comparable across study and test phases of the task; rats rested
during the baseline phase and were virtually stationary for the 2-s
bouts following stimulus delivery during the study or the test
phases. In addition, we found no general relationship between
theta amplitudes and running speed across task phases (see re-
sults section and Figure S8). Of note, speed during any phase of
the task was lower than 5 cm/s on average, which is in the range
of speeds typically excluded from studies reporting a depen-
dency of theta amplitudes and frequency on running speed.®'#?
Hence, the low speed of the animals in the current task
might partially explain why our results do not support a strong
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Figure 7. Local spike-theta phase locking in
CA1 or CA3 cannot account for the discrimina-
tion of “repeated” versus “non-repeated”
odors trial by trial

(A-D) Population distribution of the preferred angle of
the phases of CA3 spikes for the presentation of
“repeated” (A, mean angle = —0.153, var =0.861) and
“non-repeated” (B, mean angle = —1.469, var =
0.968) odors using local theta measured at the same
tetrode as the spikes as reference. No preferred
angle could be identified for either stimulus type with
local CA3 theta as a reference. The population dis-
tribution of the phases of CA1 spikes was concen-
trated close to the peak when local CA1 theta was
used as a reference for the presentation of repeated
(C, mean angle = 0.166, var = 0.884) as well as non-
repeated odors (D, mean angle = —0.304, var =
0.885).

(E) SVM classification performances using either the
local CA3 or CA1 spike-theta phases. Neither local
CA3 nor CA1 theta phases could predict memory
performance above chance level (SVM performance
did not differ from chance level). This suggests that
intraregional coupling (spike to theta phase) in CA1 or
CAB did not contribute to odor recognition memory to
a major extent. Var, variance; dots, individual data;
red arrows: mean angle of the population cell firing.
Error bars: SEM; chance level: 50%.
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dependency of the amplitudes of theta oscillations on running
speed. In addition, stress, arousal, and alertness levels, which
have also been reported to enhance theta oscillations®*~*° are
also unlikely to solely account for the differences observed within
animals in the present study. Indeed, stress and arousal levels
are expected to be fairly low in our task given that animals
have been extensively handled and trained daily for over
2 months, and alertness levels are likely to be comparable during
the study and the test phases of the task as, in both cases,
rats were left undisturbed 20 min prior to study and test (which
corresponds to the baseline and delay period, respectively).
Hence, differences in stress, arousal, or alertness levels between
epochs are unlikely to account for the differences in theta power
observed between the test phase and other phases of the task in
CAT1 (baseline and study).

Thus, our results point toward a robust role of CA1 theta oscil-
lations in memory function that is independent of the spatial con-
tent of the memory.

CAS3 spike-CA1 theta coupling predicts successful
performance in the present non-spatial memory task

In the present study, we focused on interregional spike-theta
coupling, specifically the spike-to-theta phase locking between
CA3 and CA1. We showed that the theta phase information of
CAB3 spikes predicts the memory performance of the animals trial
by trial when referenced to the distal but not the proximal part of
CAT1 in an odor recognition memory task with high memory load
(Figure 6). These results complement a handful of studies that
have shown intraregional differences in spike-theta phase lock-
ing in CA1 at test between studied stimuli (i.e., repeated) and
non-experienced (non-repeated) stimuli using either spatial or
non-spatial recognition memory tasks with lower memory load
such as foraging in environments or spontaneous object/odor
recognition.”®"°? We additionally investigated interregional
spike-to-theta phase locking between CA3 and CA1. The finding
that CA3 spikes preferentially phase locked to CA1 theta at the
peak of the cycles during the test phase of the task was in line
with the prediction of a prevalent computational model suggest-
ing that CA3 inputs should be the strongest at the peak of CA1
theta during retrieval.”®® Yet, direct empirical evidence for a
preferential phase locking of CA3 neurons to the peak of CA1
theta was missing. Here, we showed that CA3-CA1 coupling
indeed takes place shortly after the peak of the theta cycles,
bringing clear in vivo evidence that CA3 spiking activity and
CA1 theta oscillations are coherent at the peak of theta during
the test phase of certain memory tasks.

One striking finding in the present study was that the theta
phase information of CA3 spikes predicts animals’ memory per-
formance only when referred to the distal part of CA1 but not its
proximal part. Theta phase could be evaluated reliably across
the proximodistal axis of CA1 (see results section and Fig-
ure S10). Moreover, this proximodistal difference is unlikely to
stem from constitutive differences in the amplitude of theta os-
cillations between proximal and distal parts of CA1 as no
consistent pattern of a proximodistal gradient was found in
the 5 naive control rats recorded (i.e., untrained rats; Figure 4E).
In contrast, in rats trained on the task, theta power was
enhanced in distal CA1 compared to proximal CA1 in all phases
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of the task as well as during free run (Figures 4A-4D; Table S7).
A possible explanation for this enhancement of theta power in
trained animals is a progressive tuning of distal CA1 to the pro-
cessing of non-spatial (odors) information over the 2 months of
training. Such a tuning, in terms of increased connectivity be-
tween functionally connected cells or brain areas, has been re-
ported in previous studies in humans and rodents upon exten-
sive training.* %"

Further evidence for proximodistal gradients along the axis of
CA1 and CA3 was found in trained rats in terms of the proportion
of effective neurons (i.e., neurons primarily contributing to mem-
ory performance in the task; Figures 2E and 2F) and in terms of
the population activity of neurons discriminating repeated odors
from non-repeated ones (Figure 2B). According to these gradi-
ents, spiking activity of distal CA1 and proximal CA3 together
best predicted the memory performance. This finding of a pref-
erential involvement of proximal CA3 and distal CA1 in odor
memory is in line with recent electrophysiological and immedi-
ate-early gene studies reporting a primary contribution of prox-
imal CAS3 and distal CA1 to non-spatial (object and odor) informa-
tion processing or a reduced spatial tuning when compared to
distal CA3 and proximal CA1*"~*°1"53 |mportantly, distal CA1
receives extensive neuroanatomical projections from the lateral
entorhinal cortex (LEC) and fewer inputs from the medial entorhi-
nal cortex (MEC) in comparison to proximal CA1.8:10:49.:52.98-105
LEC and MEC are also preferentially linked to non-spatial and
spatial information processing, respectively.'%%1°1:196-108 More-
over, in comparison to distal CA3, proximal CA3 receives fewer
projections from the spatially tuned enclosed blade of the
DG'09 11112118 and s also targeted by the exposed blade of
the DG, which is not engaged by spatial experience and more
involved in odor discrimination than the enclosed blade.'"*""*
Altogether, these results point toward the existence of a non-
spatial medial temporal lobe subnetwork including the exposed
blade of DG, proximal CA3, distal CA1, and the LEC.*"**" In the
current study, we provide in vivo evidence for a functional inter-
action between the hippocampal subregions of this network,
with a preferential recruitment of proximal CA3 and distal CA1
during the test phase of a non-spatial memory task. In addition,
we demonstrate that these areas have important interregional
functional processing as CA3 spike-distal CA1 theta coupling
best predicts memory performance in our task.

Importantly, it cannot be entirely ruled out that the synchroni-
zation of CA3 neuronal firing with CA1 theta oscillations might, to
some degree, reflect the influence of EC theta activity, given the
substantial inputs of EC to CA1 and the high coherence between
CA1 and EC theta.”®""5"""® However, our study reveals a
discernible gradient in theta power along the proximodistal
axis of CA1, and notably, only the phase locking of CA3 spikes
to distal CA1 theta (not to proximal CA1 theta) could reliably pre-
dict memory performance. This suggests that theta oscillations
in CA1 may be subjected to modulation by local circuitry to a
greater extent than originally described."'®""® Consequently, it
becomes less plausible that EC theta oscillations play an impor-
tant role in the observed phase locking of CA3 activity. In addi-
tion, the identification of a strong inhibitory projection from
CA1 to CA3'?° and the report of a causal influence from CA1
to CA3 in a study with simultaneous spiking recording'?" further
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support a possible entrainment of CA3 spikes by CA1 theta os-
cillations. Other intra- and extra-hippocampal theta oscillations
propagated by volume conduction have been suggested to
contribute to hippocampal theta oscillations'*'?*~'?* and the
“rhythmicity” of these oscillations to differ across task phases
during learning for some of the generators.’®® Hence, it also
cannot be entirely excluded that volume conduction could
contribute to the differences reported in the present study. How-
ever, our results showed that the theta phase information of CA3
spikes using proximal CA1 or local CA3 theta oscillations as ref-
erences cannot predict memory performance as well as using
distal CA1 theta (Figures 6E and 7E), suggesting that the propa-
gation by volume conduction of theta oscillations emerging from
these generators (proximal CA1 or local CA3) may not contribute
to a major extent.

In contrast to the interregional spike-theta phase locking be-
tween CA3 and CA1, local coupling in CA1 or CAS failed to reveal
a strong relationship with memory performance, even though the
local spike-theta phase locking in CA1 or CA3 was found to be
important in tasks involving spatial navigation.''#24 126131 How-
ever, our results are consistent with the handful of studies that
use non-spatial stimuli and report that even though most cells
exhibit significant spike-theta phase locking locally, there is no
significant relationship between local spike-theta phase locking
and memory performance.’**'** Hence, our results suggest that
intra- and interregional spike-theta coherence might serve vastly
different purposes in odor recognition memory. Finally, in line
with recent studies showing that discrimination between stimuli
was better predicted by population level analysis as opposed to
individual cell firing,”*°®*" no specific pattern of increased or
decreased firing rates was detected at the single-cell level (Fig-
ure S5). This, together with our finding that the combination of
population activity can discriminate repeated from non-repeated
odors, suggests that differences in population firing between
stimulus types might serve as an underlying mechanism for
recognition memory rather than a general enhancement or sup-
pression of individual cell firing rates.

Limitations of the study
It should be noted that given the experimental design of the task
(i.e., training animals over 2 months to a plateau of 80% correct
responses on average), the high ratio of correct versus incorrect
trials does not allow us to assert that the mechanism described
in the present study is exclusively at play for successful memory
retrieval (i.e., that it pertains only to correct and not to incorrect
trials). In a similar line, because of this low number of error trials,
the extent to which this mechanism contributes to specific
behavioral combinations (correct responses: repeated odor-
turn or non-repeated odor-dig; incorrect responses: repeated
odor-dig or non-repeated odor-turn) was not studied. Indeed,
the 1-2 incorrect trials performed during a session (for repeated
and non-repeated stimuli) contain 5 to 20 spikes, which is too low
to enable a reliable estimation of spike-theta coherence.*° In
addition, the present study does not investigate whether differ-
ential neural responses might predict subsequent behavioral
responses.

As a general conclusion, we showed here that theta oscilla-
tions play an important role in non-spatial memory, as is the
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case for spatial navigation and memory. In addition, our results
indicate that interregional synchronization of neuronal spiking
with theta oscillations, especially between CA3 and distal CA1
and in the case of non-spatial memory, might facilitate discrimi-
native processes tied to memory function. Moreover, our find-
ings complemented previous theoretical and empirical studies
by providing clear evidence that the population of CA3 neurons
does fire close to the peak of CA1 theta cycles during successful
recognition memory. In contrast, similar coupling at the local
level in CA1 or CA3 as well as rate or phase coding at the sin-
gle-cell level appeared to play less of a decisive role in recogni-
tion memory.
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Materials availability
No unique materials have been generated in this study.

Data and code availability
o Data published in this manuscript are available upon request.
e All the original code has been deposited at Zenodo: https://zenodo.org/records/11125633. The DOI is listed in the key re-
sources table.
® Any additional information required to reanalyze the data reported in this paper is available upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adult male Long-Evans rats [350-450 g; n = 10 in total] were maintained under reverse light/dark cycle (7:00 a.m. light off/7:00 p.m.
light on) at a minimum of 90% of normal body weight, handled a week before the experiment, and tested in their home cage. All pro-
cedures were approved by the animal care committee of the State of Saxony-Anhalt (42502-2-1555 LIN) and performed in compli-
ance with the guidelines of the European Community and ARRIVE guidelines.

METHOD DETAILS

Surgery

Once animals learned the task (see ‘Behavioral paradigm and training’ section) an electrode microdrive housing 16 individually
movable tetrodes was implanted (Axona Ltd, St. Albans, UK, http://www.axona.com/). Tetrodes were arranged in 3 rows targeting
the right dorsal hippocampus and covering the whole proximodistal axis of CA1 and CAS3 from AP -3.,3 to AP -4 mm. Tetrodes, made
of four tungsten wires (12 um diameter each, California Fine Wire Company, Grover Beach, CA), were twisted and heated to form a
bundle. The tips of tetrodes were cut and gold-plated (Sifcoasc, OH, USA, Gold NC SPS 5355) to reach an impedance <150kQ with a
NanoZ (Multichannel system, Reutlingen, BW, Germany). Animals were anesthetized by induction with 3% isoflurane and injected
with Ketamin/Xylavet (75 mg/kg and 5 mg/kg) mixture and Atropine (0.1 mg/kg) to facilitate breathing. Once deeply anesthetized,
animals were placed in the stereotactic frame (David Kopf Instrument, CA, USA) fitted with a gas mask supplying 1% isoflurane
and 0.8-1.2L/min oxygen. Local anesthesia (Lidocaine, 0.5%, < 7 mg/kg) was injected subcutaneously before incision. Analgesic
agent Metacam (5 mg/kg) was injected 2 h after the injection of the Ketamine cocktail. A craniotomy was performed above the tar-
geted hippocampal area (AP -2.5~-4.5, ML 1.2-4.2, right hemisphere). Six anchoring stainless screws (1mm diameter, 3-4mm long)
were placed into the skull above the prefrontal, left hemisphere and cerebellar areas. A silver wire was twisted around the two cere-
bellar screws to serve as grounding (reference) electrodes and soldered onto the contact point of the microdrive at a later time. Note
that the distance between distal CA1 tetrodes and the ground screws is comparable to that of proximal CA1 tetrodes to ground
screws. After removing the dura using a dura hook (Fine Science Tools, Heidelberg, Germany) tetrodes were lowered to
800~1000um below cortex surface. A mixture of melted paraffin wax/oil (wax:oil 3.5:1, Aldrich) was dropped along the tetrodes
(covering the craniotomy), and the drive was secured with dental cement (Paladur, Heraeus, Hanau, Germany). Animals were sup-
plied with oral analgesic meloxicam (0.5 mg/ml, 2.6 mL/kg) once a day for 3 days and recovered for a duration of one week. Tetrodes
were then slowly lowered to the regions of interest into the pyramidal layers of CA1 and CA3 over 2 weeks.

Behavioral stimuli

The stimulus odors were common household scents (thyme, paprika, coriander, etc.) mixed with playground sand. The scented sand
was held in glass cups (one odor per cup), and a cup was fixed on a small platform lowered in the front part of the cage for testing. A
pool of 40 household odors was available, 20 were used each day chosen in a pseudo random manner.

Behavioral paradigm and training

To test the non-spatial recognition memory, we used the innate ability of rats to dig and to discriminate between odors. Behavioral
training and paradigm have been described in details previously.®' '35 |n short, each training session contained a “study” phase, a
delay, and a “test” phase. Each day, rats were presented with a study list of 10 odors, which was different each day. Odors were
chosen in a pseudo random manner. During the recognition, i.e., the “test” phase, animals were tested for their ability to distinguish
between the 10 odors presented during the study phase (“repeated” odors) and 10 additional odors (“non-repeated” odors) that
were part of the pool of forty odors, but were not presented during the study phase. To do so, rats were first trained to dig in the
stimulus cups with unscented sand to retrieve one 1/4 of piece of loop cereal (Kellogg’s) after which animals were trained on a de-
layed non-matching to sample rule. During the “test” phase, when rats were presented with an odor that was part of the study list (a
“repeated” odor), rats were required to refrain digging, turn around, and go to the back of the cage to receive a food reward: a correct
response for a “repeated” odor (Figure 1B; an incorrect response would be digging in the stimulus cup). Conversely, when the odor
was not part of the study list (a “non-repeated” odor), animals could retrieve a buried reward by digging in the test cup: a correct
response for a “non-repeated” odor (an incorrect response would be going to the back of the cage to receive the reward). To ensure
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that the task could not be solved by smelling the reward buried in the sand, crushed cereals were mixed in the sand of all stimulus
cups. In addition, no spatial information useful to solve the task was available to the rats, given that testing cups for ‘repeated’ and
‘non-repeated’ ‘odors were presented at the exact same location. Reward locations differed for the ‘non-repeated’ and the
‘repeated’ odors (front and back of the cage, respectively), but were only experienced by the animals once a decision had been
made (e.g., when the trial was over), hence could not contribute to behavioral performance. Training lasted for about 2 months
and consisted of several steps, during which the number of studied odors increased from 1 to 10, the delay increased from 1 to
20 min, and the number of odors during the test phase increased from 2 to 20 (10 ‘repeated’ and 10 ‘non-repeated’ intermixed). An-
imals transitioned between successive training stages when performance reached a minimum of 75% correct for 3 consecutive days.
Once this criterion was reached for the final training stage (10 study odors, 20 min delay, and 20 test odors), animals were further
trained for at least another week and implanted with a microdrive. Following one week of recovery period, neurons were screened
and animals trained back to criteria following which they were recorded for one additional session that was used for the analyses.
Memory performance on the recording day was 80% on average (Table S1A).

Animal’s local motion was minimized by using a 35 x 19 cm cage. The behavior of the animals was recorded and streamed to a
computer with a high-speed, HD infrared camera (100 fps, Genie Nano Series, GigE Vision, Teledyne Dalsa, Ontario, Canada). The
camera sent one trigger per frame to the recording system to synchronize video and electrophysiological recordings. Behavioral per-
formance was assessed with high temporal resolution (10 ms precision). Periods analyzed started upon stimulus presentation (when
the front edge of the platform on which the stimulus cup was fixed crossed the wall of the cage, Figure S1) and ended 2 s later: i.e., for
the ‘test’ phase: before the turning or digging behavioral responses. The time-window of 2 s was defined based on prior experiments
showing that behavioral responses in this task occurred shortly after 2 s. Rats were sniffing and alertly waiting during these periods.

For trained rats, free-run was performed in an 80 x 80 x 10cm square arena (open top, customized) following the delayed non-
matching to odor task, after animals rested for 20 min in their home-cage. The arena was placed in the recording booth and animals
could foraged for cereals (cheerios) scattered on the floor. A freerun session lasted 8 min. Behavioral and electrophysiological signals
were recorded with the camera and recording systems used while animals performed the task. The same freerun procedure applied
to naive controls, except that animals did not undergo the two-month training on the task, but were housed in the same facility and
brought to the experimental room as frequently as experimental animals. Naive animals were implanted with the same recording drive
(16 tetrodes) as trained animals and recorded after one week of recovery as was the case for trained animals. The recording session
for naive rats lasted about 30 min and consisted of 20 min resting time (home cage) and 8 min freerun.

Histology and reconstruction of recording positions

After the final recording, animals were overdosed with pentobarbital (500 mg/ml, IP) before intracardiac perfusion with 0.9% saline
and 4% formaldehyde. The brain was extracted and post-fixed with 4% formaldehyde for 24 h. Brains were then transferred to a 30%
sucrose solution for cryoprotection and subsequently frozen at —41°C in isopentane using dry ice and stored in —80°C. Brains were
cut into 30 um coronal sections with a cryostat (Leica CM3050S, Leica Microsystems), mounted on glass slides and stained with
cresyl violet (Nissl staining). The tips of the tetrodes were identified from the stained brain slices.

Data acquisition

The electrophysiological signals were recorded with an Axona system (Axona Ltd, St. Albans, UK) in one animal (LE46) and with a
Neuralynx (Neuralynx, Bozeman, MT, USA) data acquisition system in the rest of animals (4 trained, 5 naive). With the Axona system,
the signals were preamplified with headstages (Axona, 2 x 32 channels) and digitized at 24 kHz. In addition to this broad band raw
signal, the Axona system created down-sampled data for LFP analysis by low pass-filtering the broad band signal at 2400 Hz, and
down-sampling it to 4800 Hz. With the Neuralynx system, signals were preamplified with headstages (Neuralynx, 2x32 channels),
digitized at 32 kHz then the broad band signals were recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavior

Memory performance

The performance of animals (% correct choice) were calculated by evaluating the number of correct trials during the test period
divided by all testing trials (20) and multiplying by 100.

Speed analysis

To ensure that theta amplitude differences between task periods do not solely stem from animals’ motion, the speed of the animals
was assessed using DeepLabCut software package. '°° Because of the similarity in behavior across animals (n = 5), ‘study’ and ‘test’
video clips were pooled together to train one network. For the same reason, baseline video clips of trained (n = 5) and naive (n = 5)
animals were also pooled together. Freerun videos were pooled to train a third independent network. 50 frames per video were
randomly extracted, and the nose, ears and 3 points along the midline of the body (neck, mid of the body and tail base) were manually
labeled on each frame. The networks were trained with default parameters and 200 000 iterations. The trained networks and frames
were then manually evaluated to analyze the entire videos.
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Given that the body of the animals was virtually immobile during the present task, the position of the mid-point of the two ears was
used to estimate the speed of the animals in an attempt to prevent an under estimation of the speed of movements. The instanta-
neous moving speed was estimated based on the displacement of the labels occurring between two consecutive frames, to which
a Kalman filter was applied.'°° The speed of individual animals was calculated by pooling the 2 s trials together and the median of the
speed distribution was used to represent the speed because of the nonnormal distribution of the speed across the task phases. For
baseline and freerun periods, 20 periods of 2 s each were randomly selected and the same procedure applied.

Spike sorting

The broadband data (sampled at 24 kHz or 32 kHz) were filtered between 500 and 8000 Hz and an automatic clustering procedure
applied using klustakwik (http://klusta-team.github.io/klustakwik/). The parameters were as follows: action potentials with power
of >4 standard deviations from the baseline mean were selected and their spike features were extracted with principal component
(PC) analysis. Using the first 3 PCs and the initial cluster was set to 100. Afterward the clusters were manually selected, combined or
split with the software klusters (http://klusta-team.github.io/klustakwik/) or M-clust (https://redishlab.umn.edu/mclust), selecting
only the clusters with clear refractory periods in their autocorrelation, well-defined boundaries and stability over time.

Support vector machine (SVM)

The performances for classifying the two testing trial types (‘repeated’ or ‘non-repeated’ odors during test period) with either the pop-
ulation spiking activities or the theta phases of population CA3 or CA1 spikes were assessed with the support vector machine
method®®'®” using software LIBSVM (https://www.csie.ntu.edu.tw/~cjlin/libsvm/index.html). A polynomial kernel was used with
default parameters.

The leave-1-out cross validation procedure was used to evaluate the accuracy of SVM classification performances. In brief, for
each iteration, the population neuronal activities of one trial was left out of the dataset and the data of the rest of the trials (19 out
of 20) were used to train the SVM. The trained SVM was then tested with the trial left out in the current iteration. The same procedure
was performed for each trial without repetition. Finally, The SVM performance was calculated by counting how many iterations
yielded a correct output. Since the test phase of the task consists of 10 ‘repeated’ and 10 ‘non-repeated’ trials, chance level mount
to 50% correct. Given the total number of test trials, a minimum reduction in performance is 5% (1/20 trials).

For population spiking activities, the combined mean firing rates of the 2 s following stimulus presentation during retrieval phase of
each neuron were used as ‘features.’ To test whether the hippocampal population firing predicted the type of stimulus presented
(‘repeated’ vs. ‘non-repeated’) or behavioral responses (‘digging’ or ‘turning’ independently of whether animals were correct or
not), the SVM were trained separately with the labels ‘stimulus types’ or ‘behavioral responses.’ For population theta phases, the
circular mean of the theta phases of each 2-s trial was calculated for each neuron and the circular means of the theta phases of
all neurons per trial used to perform the SVM-training and the cross validation. Of note, for theta phase analyses, only the neurons
which spiked for each of the 20 test trials were used. Neurons which did not fire at each trial were excluded since the mean theta
phase could not be calculated for all trials.

Selection of ‘effective’ neurons

To find out which neuron contributed “effectively” to the SVM performance, i.e., which neurons would cause a significant decrease of
SVM performance if removed, an iterative feature selection procedure was applied to the neurons of each animal (Figure S3). For
each iteration, each neuron was deleted one at a time from the pool of recorded neurons (n = N). The effectiveness score (ES)
was calculated by subtracting the performance of all recorded neurons (perf all, n = N) from the performance of the remaining neurons
(perf (N-1), n = N-1) to assess if the deletion of one specific neuron affected the population classification performance. If that was the
case (ES < threshold), the neuron was termed ‘effective’ neuron, if not: ‘non-effective’ neuron. Once tested, each deleted neuron was
placed back to the pool of neurons, and the next iteration started with the deletion of the next neuron (without repeating sampling).
The procedure was illustrated in Figure S3.

To evaluate the ES threshold, the features of the 20 trials were bootstrapped 1000 times and a 5%-decrease in SVM performance
was found to be significant with 95% confidence interval, hence set as a (ES) threshold. To further ensure that removing one effective
neuron caused a significant reduction in SVM performance, the dataset of the target/studied neuron was replaced by randomly se-
lecting 20 data points from the remaining N-1 neurons (i.e., out of 20 X (N-1) data points), the SVM analysis was performed with this
new dataset (in total N neurons) and this procedure repeated 1000 times. Doing so, we found that the SVM performance of this new
dataset (n = N) was comparable to the performance of the N-1 dataset (i.e., 5% lower than the performance of all neurons) despite the
same sample size (n = N), indicating that the drop in performance did not stem from the sample size alone and that removing the
‘effective’ neuron significantly affects the SVM performance.

To evaluate whether the distribution of ‘effective’ neurons is homogeneous along the proximodistal axis of CA1 or CA3 and
compare across animals, the recording sites of ‘effective’ and ‘non-effective’ neurons was sorted into 5 CA1 and CA3 segments
for each animal and the count of neurons were summed across animals for each segment (Figure 2D; Table S2). The proportion
of ‘effective’ neurons was calculated by dividing the sum of ‘effective’ neurons by the total number of neurons recorded (effective +
non-effective across animals) for each segment and a linear regression model with a least square approach was fitted to the CA1 and
CAS3 data.
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Analyses

The local field potential (LFP) recorded with the Axona system (4800Hz) were directly used for further analysis; the broadband signals
recorded with the Neuralynx system (32 kHz) were low-pass filtered with a cutoff frequency 300 Hz using MATLAB filter function and
then down-sampled 8 times to 4 kHz. Toolbox Chronux (version 2.12 v03) was used to obtain the theta power and to estimate the
theta phases using multi-taper method (taper = 5-9). The cycle-by-cycle theta amplitudes were obtained with the toolbox bycycle
(https://github.com/bycycle-tools/bycycle,®®). Theta frequency was defined as oscillations between 6 and 12 Hz.

For each animal, theta cycle amplitudes of all trials (10-20 cycles/trial) in a specific task phase were pooled together (see
Figures 3C, 3D, and 4 for distributions in a representative animal), subsequently to which a group analysis on trained (N = 5) and naive
animals (N = 5) was performed. Population differences in theta amplitudes were calculated using the Kolmogorov-Smirnov (KS) test
to generate D values (D = Maximum|Fo(X)—Fr(X)|, X = theta cycle amplitudes, F(X) = observed cumulative frequency distribution of a
random sample of n observations) and Friedman’s test was performed on these values to obtain group statistics.

For testing whether neuronal firings were phase-locked to theta oscillations, circular Rayleigh test was used. To test whether the
theta phases of neuronal spiking can discriminate different stimulus types (‘repeated’ vs. ‘non-repeated’ odor), theta phases of one
specific neuron were pooled together for ‘repeated’ or ‘non-repeated’ trials and compared with the circular Watson-Williams multi-
sample test for equal variance (threshold p < 0.05, MATLAB Circular Statistic toolbox, Philipp Berens 2023, https://www.mathworks.
com/matlabcentral/fileexchange/10676-circular-statistics-toolbox-directional-statistics). When the difference in theta phases be-
tween ‘repeated’ and ‘non-repeated’ trials surpassed the threshold (p = 0.05, two-tailed), the neuron was termed ‘phase-discrimi-
nating;’ when it did not, the neuron was termed ‘non-phase discriminating.. The phase-discriminating neurons were subdivided
into two categories: type | neurons, phase-locked to the same angle of CA1 theta oscillations for both ‘repeated’ and ‘non-repeated’
odors and type Il neurons, phase-locked to only one stimulus type. Of note, due to the very low error rate (memory performance on
recording day was 80% on average i.e., 16 correct trials out of 20; for each condition 8 out of 10 correct trials) only 2 error trials per
animal on average were available for analyses. All the trials (correct or incorrect) were used in the analyses.

In order to test how local spike-theta phase-locking in CA3 or CA1 may contribute to the test phase of the non-spatial memorytask,
we obtained the theta phases of the CA3 or CA1 spikes using the theta oscillations recorded with the same tetrode as reference. Then
the phases referenced to local theta oscillations were compared to the phases using the distal CA1 theta as reference to compare
which phase-information can predict behavior performance better to assess whether local or cross-area theta phase locking may
play an important role during the test phase of the memory task. The procedure was as follows: for each animal the different theta
phase information (CA1 spike - local CA1 theta phase, CA3 spike - local CA3 theta phase and CAS spike-distal CA1 theta phase) was
used to perform SVM analysis according to the description in “Support Vector Machine (SVM)” section. Subsequently, one-way
ANOVA was applied to the SVM performances predicted by the three spike-theta conditions (CA1 spikes -CA1 theta, CA3 spikes
-CA3 theta and CA3 spikes-distCA1 theta) to directly compare the performances of each condition. Then a post-hoc analysis
was performed to test whether the CA3 spike-distCA1 theta phase information did outperform the local theta phase information.

Generalized linear mixed effect (GLME) model

We asked whether theta-amplitudes depend on memory task-phases and/or running speed in the present study by performing the
GLME model, using the task phases, running speed and their interaction as fixed effects and animals as a random effect. MATLAB’s
fitime function (with default parameters) was used for performing GLME analysis.

Statistical analysis
Analyses were performed using custom written MATLAB (R2020a) or python scripts (version 3.8). The normality of all distributions
were tested with Lilliefors test. When data were normally distributed, ANOVA and one-or two-tailed t-tests were used. For chance
level or two-group comparisons in non-normally distributed datasets, the Mann-Whitney U test was used. Of note, paired two-group
comparisons could not be performed due to unequal number of observations in different groups. The Friedman’s test was used for
comparisons of more than two groups in non-normally distributed datasets. For proportion comparisons, two-sample z-test

was used. For testing dependencies of two variables, linear regression analysis was used. To compare directly the phase-locking
of CA3 spikes to distal and proximal CA1 theta for repeated and non-repeated stimuli, we calculated the circular distances of each
neuron’s mean phase to the circular median (°° p. 637) of each condition and further performed a circular HKtest,?” a two-way ANOVA
corresponding test for circular data, to compare the phase dispersions of each condition. The significance threshold of all tests with
multiple comparisons were false discovery rate (FDR) corrected. Statistical tests used and p values are reported in the text, tables or
figure legends. (*p < 0.05, **p < 0.01, **p < 0.001). Error bars indicate the S.E.M.
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