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SUMMARY

Sharp-wave ripples (SPW-Rs) in the hippocampus are implied in memory consolidation, as shown
by observational and interventional experiments. However, the mechanism of their generation
remains unclear. Using two-dimensional silicon probe arrays, we investigated the propagation of
SPW-Rs across the hippocampal CA1, CA2, and CA3 subregions. Synchronous activation of CA2
ensembles preceded SPW-R-related population activity in CA3 and CA1 regions. Deep CA2
neurons gradually increased their activity prior to ripples and were suppressed during the
population bursts of CA3-CAL neurons (ramping cells). Activity of superficial CA2 cells preceded
the activity surge in CA3-CAL (phasic cells). The trigger role of the CA2 region in SPW-R was
more pronounced during waking than sleeping. These results point to the CA2 region as an
initiation zone for SPW-Rs.

In Brief

Oliva et al. show that sharp-wave ripple (SPW-R) related activation of CA2 neurons precede those
in CA3 and CAL1. Deep CA2 cells gradually increase their activity prior to SPW-Rs, establishing
the CA2 region as a potential trigger for SPW-R generation.

INTRODUCTION

The functioning of the hippocampus is believed to depend on the unique contributions of its
subregions and their interactions (Amaral and Lavenex, 2006). Hippocampus proper is made
up by divisions of the cornu Ammonis, CAl, CA2, and CA3, each with specialized cell
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types and connectivity (Lorente de N6, 1947). The vulnerability or resistance of the CA2
region stands out in several pathological conditions, including Alzheimer’s disease (Braak et
al., 1980), ischemia (Kirino, 1982; Sadowski et al., 1999), hippocampal sclerosis (Babb et
al., 1984; Dam, 1980; Gloor, 1991; Kotloski et al., 2002; Sloviter, 1989) and schizophrenia
(Benes et al., 1998; Knable et al., 2004; Narr et al., 2004; Nullmeier et al., 2011;
Piskorowski et al., 2016; Zhang and Reynolds, 2002). CA3 but not CA2 neurons rapidly
degenerate in kainic acid-induced status epilepticus (Nadler et al., 1978). The CA2 region
can be clearly delineated from its neighboring regions by expression patterns of several
peptides and genes (Kohara et al., 2014; Lein et al., 2004; Young et al., 2006).

Despite these distinct pathophysiological differences, the CA2 region has been traditionally
considered as a transition zone, since its pyramidal neurons resemble CA3 neurons both in
size and dendritic branching patterns (Ishizuka et al., 1995; Woodhams et al., 1993) and
receive inputs from CA3 neurons, similarly to CA1 pyramidal cells (Lorente de N6, 1947).
They also receive input from dentate gyrus granule cells, but they lack the thorny
excrescences characteristic of the CA3 neurons (Kohara et al., 2014). In addition to local
inputs, CA2 interneurons receive excitation from CA1, CA3, the supramamillary body, and
the amygdala (Bartesaghi et al., 2006; Benes and Berretta, 2001; Chevaleyre and
Siegelbaum, 2010; Cui et al., 2013; Ding et al., 2010; Kohara et al., 2014; Magloczky et al.,
1994; Mercer et al., 2012; Piskorowski and Chevaleyre, 2012, 2013) and form a loop with
layer Il entorhinal neurons (Chevaleyre and Siegelbaum, 2010; Rowland and Moser, 2013).
In addition to these anatomical differences; recent studies have pointed out the special
cognitive and behavioral functions of the CA2 region (Dudek et al., 2016), including its
postulated role in social recognition (Alexander et al., 2016; Hitti and Siegelbaum, 2014;
Piskorowski et al., 2016; Smith et al., 2016), contextual memory (Alexander et al., 2016;
Wintzer et al., 2014), and temporal coding (Mankin et al., 2015).

The hippocampus plays a prominent role in memory consolidation, and hippocampal sharp-
wave ripples (SPW-Rs) represent a mechanism of memory transfer from the hippocampus to
the neocortex (Buzsaki, 2015; Ego-Stengel and Wilson, 2010; Girardeau et al., 2009; Jadhav
et al., 2012). SPW-R complex consists of two components: the sharp wave (SPW) and the
ripple. The LFP sharp wave is a negative deflection that reflects the depolarization of the
apical dendrites of CA1 pyramidal cells brought about by the synchronous discharge of the
CA3 axonal input to those dendrites (Buzsaki et al., 1983; Fernandez-Ruiz et al., 2012;
Sullivan et al., 2011). On the other hand, the ripple is a ~140 Hz oscillatory event confined
to the pyramidal cell body layer and represents a network response of CA1 pyramidal cells
and interneurons to the strong synchronous drive (Buzsaki et al., 1992; English et al., 2014;
Stark et al., 2014). While the CA3 region is implicated in the generation of the SPW, it is not
homogenous in terms of its output pathways and the induction of SPW population bursts
(Csicsvari et al., 2000; Mann and Paulsen, 2007). Specifically, whereas pyramidal cells in
the CA3a (adjacent to CA2) and distal CA3b subregions give rise to extensive recurrent
collaterals that are confined largely to the CA3 region and contribute to the creation of
population events, more proximal CA3b and CA3c (adjacent to dentate hilus) neurons send
the majority of their axon collaterals to the CA1 region and convey CA3-generated activity
to CAL (Ishizuka et al., 1990; Li et al., 1994). Because the CA2 region mirrors several
aspects of CA3 (Tamamaki et al., 1988), its role in SPW-R generation should also be
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considered. We show here that CA2 neurons are the first neurons to ramp up their activity
prior to SPW-Rs and thus play a leading role in their initiation.

RESULTS

We recorded both LFP and unit firing from all layers of the CA1-CA2-CA3 regions in the
dorsal hippocampus in behaving rats. Eight animals were implanted with high-density
silicon probes (256 recording sites on eight shanks, 32 recording sites on each shank, with
50 pm vertical site separation) parallel to the transverse axis of the dorsal hippocampus.
After the recordings, the electrode tracks were determined by histological reconstruction
(Figure 1A; Table S1). The CA1-CA2 border was identified by the widening of the
pyramidal layer and the larger size of the neurons in the CA2 region and further validated by
immunolabeling by the CA2-specific marker PCP4 (Kohara et al., 2014; Valero et al., 2015).
The CA3 region was divided into three subregions (Figure 1B): CA3a (closest to CA2),
CA3Db, and CA3c (see Supplemental Experimental Procedures). All analyses were
performed during non-REM sleep (SLEEP) and waking immobility (WAKE).

Brain State-Dependent SPW-Rs in CAl, CA2, and CA3 Areas

LFP ripples reflect organized population spike series of local neurons, temporally
coordinated within and across regions by the slower SPW (Schlingloff et al., 2014; Stark et
al., 2014; Sullivan et al., 2011; Ylinen et al., 1995). SPW-R events showed varying LFP
patterns and current sinks and sources depending on the location of the reference ripple
events. Fast oscillatory patterns (100-250 Hz) in the CA1 and CA3 pyramidal layer were
characteristically accompanied by a negative SPW (and a sink in the CSD map) in the
hippocampal stratum radiatum of CA1-CA3 (Figure S1). This sink in stratum radiatum was
flanked by two sources (Figure S1) in strata pyramidale and lacunosum-moleculare
(Fernandez-Ruiz et al., 2012; Sullivan et al., 2011). In contrast, ripples detected in CA2 had
two different LFP patterns. The first type (Figure 1C upper panel) preceded the CA1 SPW
and ripple by 10-20 ms. The second type of CA2 ripple (Figure 1C lower panel) was
followed by a short latency (~5 ms) negative wave (sink in the CSD map) in CAL stratum
oriens and a corresponding source in stratum radiatum. Depending on the magnitude of the
CAL stratum oriens sink, ripples in the CA1 pyramidal layer could either be present (Figure
1C bottom panel) or not.

To characterize localized activity at the time of the CA1 sharp wave, we computed wavelet
spectrograms from 200 ms-long LFP segments recorded from the middle of the pyramidal
layer at every recording location in the CA1-2-3 axis, centered at the trough of the large
negative SPW in the CA1 stratum radiatum. As expected, strong ripple-band power (at ~150
Hz) appeared at all CAL1 sites during SPW events during both SLEEP and WAKE states.
SPWs and ripples were generally coherent in the transverse axis (Figure S1; Patel et al.,
2012). In contrast, CA2 and CA3 activity was divergent and depended on brain state (Figure
2A). First, the peak of ripple power in CA2 significantly preceded the CA1 SPW trough
during both SLEEP and WAKE (white asterisks, Figure 2B; p < 0.001; t test; n = 16 sessions
in five rats), whereas CA3 peak power trailed behind (p < 0.001, t test; n = 20 sessions in
seven rats). Second, during SLEEP ripple power in both CA1 and CA3 region was stronger
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than during WAKE, whereas in CA2 it was stronger during WAKE compared to SLEEP
(Figure 2C, Zscored power; pcai < 0.05, n = 24 sessions in eight rats; pcaz <0.001, n = 16
sessions in five rats; pcaz < 0.001, n = 20 sessions in seven rats; paired t test. Figure 2D,
absolute power; p < 0.05 all comparisons, paired t test). Third, LFP frequency was
comparable in CAl and CA2 and significantly higher during WAKE than SLEEP (Figure
2D; pca1 < 0.01; pcaz < 0.001; paired t test). In contrast, in CA3 ripple frequency during
CA1, SPW was comparable during SLEEP and WAKE and significantly lower than ripple
frequency in either CAl or CA2 (p < 0.001, unpaired t test; all comparisons). Similar results
were obtained when CA2 or CA3 ripples were used as the temporal reference (Figure S1).

The above analysis sampled the different subregions only in the time windows of the CA1
SPW-Rs. As a complementary approach, we detected putative ripples independently in the
CAl, CA2, and CA3 pyramidal layers (Figure S2). The LFP ripple detection algorithm,
tuned to CA1 ripples, detected numerous high-frequency events in the pyramidal layer of
CAl, CA2, and CA3 regions (Figure 3A). CAl and CAS3 events were more frequent during
SLEEP (Figure 3B; p < 0.001 in both regions; n = 116,115/11,595 CA1 events in SLEEP/
WAKE in eight rats and n = 13,486/1,273 CAS3 events in seven rats; paired t test), whereas in
CAZ2 their occurrence was higher during quiet WAKE (Figure 3B; p < 0.001; n =
10,580/3,770 events in five rats; paired t test). The oscillation frequency was faster during
WAKE compared to SLEEP in each region (Figure 3C; p < 0.001 CAl and CA3; p <0.05
CA2 for all pooled events; paired t test), and CA2 ripples were significantly faster than
ripples in CAL (SLEEP, p < 0.001; WAKE, p < 0.05, unpaired t test) or CA3 (SLEEP p <
0.001; WAKE, p < 0.01; unpaired t test).

Next, we calculated the proportion of ripples detected in CA3 and CA2 that propagated to
the CA1 or CA3 regions, respectively (Supplemental Experimental Procedures). A large
proportion of CA2 ripples propagated to CAL and to a lesser extent to CA3 (Figure 3D).
During SLEEP, a similar fraction of CA2 ripples propagated to CAl and CA3 (22%/18%, p
> 0.05, paired t test), but during WAKE this fraction increased in CA1 (43%, p < 0.05,
paired t test) and decreased in CA3 (9%, p < 0.01, paired t test). In a complementary
analysis, we assessed the proportion of CA1- and CA3-detected ripples that were preceded
by CA2 or CA3 ripple. This analysis provided similar results (Figure 3E).

To examine the direction of propagation during SPW-Rs, we calculated temporal cross-
correlograms between peak times of ripple power in each hippocampal region and the
reference SPW trough in CA1 stratum radiatum (Figure 3F). In both SLEEP and WAKE, the
peak power of the fast oscillation in both CAl and CA3 regions were largely aligned with
the CA1 SPW troughs (Figure 3F). In contrast, the CA2 region lead the CA1 SPW trough
during SLEEP and even more so during WAKE (Figure 3F; p < 0.001; paired t test).
Comparison of the median time lags of all SPW-ripple power cross-correlograms further
illustrates the leading role of CA2 and cascade of events to CA1 and CA3a, b, and ¢ (Figure
3F bottom panels). Congruent results were obtained when different temporal references were
used (e.g., SPW onset or CA2 ripple peak; Figure S2). In summary, the LFP analysis
suggests that SPW-Rs are often initiated in the CA2 region during SLEEP and even more
frequently during WAKE.
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Firing Patterns of CAl, CA2, and CA3 Neurons

To examine the neuronal spike correlates of SPW-Rs, neurons were clustered and separated
into putative pyramidal cells and interneurons (Supplemental Experimental Procedures).
Only pyramidal neurons were included in the analysis unless otherwise noted. First, we
classified all neurons according to whether they were significantly modulated by SPW-R or
not (Figures 1B and 4A; Figure S3). Most pyramidal neurons in CAl and CA3 had a
significant positive modulation by SPW-Rs (95%/87%/93%/90% in CA1, CA3a, CA3b, and
CAZ3c, respectively; Figure 4A), whereas a minority of pyramidal cells decreased their rates
during SPW-Rs (2%/1%/0%/2.5% in CA1, CA3a, CA3b, and CA3c, respectively). In
contrast, in CA2, less than half of neurons were positively modulated by SPW-Rs (45%),
and a greater proportion (54%) were suppressed (Figure 4A). Thus, we termed these two
neuron types as “phasic” (positively modulated) and “ramping” (negatively modulated) cells
(Figures 1B and 4A,; Figure S3). The majority of putative interneurons (>88%) in CA1,
CA2, and CA3 region significantly increased their firing rates during SPW-Rs (Figure S5C).
Examples of peri-SPW-ripple firing patterns in different hippocampal regions are illustrated
in Figure 1B and Figure S3.

The median firing rates of CA2 pyramidal cells were higher in SLEEP and WAKE than
those in CAL and CA3a, CA3b, and CA3c subregions (Figure 4B; p < 0.01/0.001 for SLEEP
and WAKE, respectively of all comparisons; n = 965 putative CA1 pyramidal neurons in
eight rats; n = 230 putative CA3c pyramidal neurons in six rats, n = 165 putative CA3b
pyramidal neurons in seven rats, n = 294 putative CA3a pyramidal neurons in five rats; n =
188 and 228 putative CA2 phasic and CA2 ramping cells in five rats; see below; Wilcoxon
rank-sum test). State-dependent modulation of CA2 pyramidal cells was different from CA1l
and CA3; they increased their firing rates during WAKE compared to SLEEP, whereas CA1
and CAZ3 neurons had lower firing rates during WAKE (Figure 4C; p < 0.001 for all regions,
Wilcoxon signed-rank test). These results indicate that the baseline firing rates of CA2
neurons are higher than those of CA1 or CA3 pyramidal cells, and this difference is
magnified during WAKE, similar to a recent report (Kay et al., 2016).

CA2 Ensemble Activity Precedes SPW-Rs

CAl and CA3a, b, and ¢ neurons fire robustly during SPW-Rs (Csicsvari et al., 2000;
Sullivan et al., 2011), and we confirmed this pattern (Figure 5A; n = 965 putative CAl
pyramidal cells in eight rats; n = 230 (six rats), 165 (seven rats), 294 (five rats) pyramidal
cells in CA3c, CA3b, and CA3a, respectively; n = 188 CA2 phasic and n = 228 ramping
cells in five rats; Wilcoxon rank-sum test). In agreement with the anatomical connectivity of
the CA3 recurrent circuit, the earliest-firing neurons in the CA3 region during SLEEP SPW-
Rs were the CA3a cells with the strongest recurrent connections (Li et al., 1994), followed
by CA3b and c cells (Csicsvari et al., 2000; Figure 5A; p < 0.001 for all comparisons, t test).
The synchronous discharge of the CA3c neurons and their excitatory effect then brought
about a strong depolarization in the CA1 stratum radiatum, manifested in the LFP as the
SPW (Csicsvari et al., 2000; Fernandez-Ruiz et al., 2012; Sullivan et al., 2011). SPW-R-
related firing of CA2 phasic neurons fitted this general picture, except that they fired earlier
(“phasic” CA2 cells; mean time lead of peak firing 18 + 0.5/28 £ 0.9 ms prior to CA1 SPW-
R peak in SLEEP and WAKE; p < 0.001 for all comparisons with CA1 and CA3 cells, t
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test). In contrast, neurons in the ramping subgroup gradually elevated their firing prior to the
CAL SPW-R peak (25 £ 2.5/33 £ 2.3 ms prior to CAL1 SPW trough in SLEEP and WAKE,
respectively; p < 0.001 for all comparisons with CA1 and CA3 cells, t test), fired less
synchronously, and became strongly suppressed subsequently during SPW-Rs (Figure 5A).

Neurons in CAl and CA3 subregions fired less during WAKE SPW-Rs compared to SLEEP
(Figure 5C; CA1: WAKE 6.8 £ 0.7 Hz versus SLEEP 10.2 + 0.7 Hz, p < 0.01, paired t test;
CA3: WAKE, 2.4 £ 0.3 Hz/2.5 + 0.4 Hz/4.4 + 0.9 Hz versus SLEEP, 4.1 £ 0.4 Hz/4.8 + 0.4
Hz/5.6 £ 0.3 Hz for CA3a, b, and c, respectively; p < 0.01/0.01/0.05; paired t test). In
contrast, both subpopulations of CA2 neurons were more active during WAKE SPW-Rs
(WAKE, 4.4 + 0.8 Hz/3.0 £ 0.3 Hz versus SLEEP, 3.0 £ 0.5 Hz/2.0 £ 0.2 Hz for CA2 phasic
and ramping groups, respectively; both p < 0.001, paired t test), suggesting a stronger CA2
control of SPW-Rs in the waking animal.

When LFP ripples in the CA2 region were chosen as a reference event, both phasic and
ramping CA2 pyramidal neurons were strongly recruited to the population event (Figures 5B
and 5C; SLEEP phasic cells: 5.7 + 1.2 Hz peak firing rate; ramping cells: 4.8 + 1.0 Hz; p <
0.05; WAKE phasic cells: 6.4 + 0.8 Hz peak firing rate; ramping cells: 5.7 £ 1.0 Hz).
Notably, CA2 ramping cells did not show the same slow ramping behavior as with CA1-
detected ripples (Figure 5B). CA2 ripples may often remain localized, in which case ripples
recruited both ramping and phasic neurons in different proportions, leading to a temporal
blurring of the two groups (Figure S4F). CA2 spikes associated with local CA2 ripples
induced a negative SPW in stratum oriens (sink) and a positive return current in stratum
radiatum, whereas CA2 spikes that were associated with CA3-CAL1 propagating ripples
induced negative SPWs in stratum radiatum (Figure S4E). While CA2 pyramidal neurons
fired maximally 2-5 ms before the peak power of local ripples, CA3 and CA1 pyramidal
cells fired after the peak of CA2 ripples. Similar results were obtained when other temporal
references were used (i.e., SPW trough, ripple onset or CA3 events; Figure S6).

As an alternative way to relate firing patterns to SPW-Rs, we compared the probability of
participation of pyramidal cells detected within LFP ripples in either CAL1 or CA2 region.
CALl and CA3 pyramidal neurons participated more frequently in CA1 than CA2 ripples
during both SLEEP and WAKE (Figure 5D; p < 0.001 for all comparisons, signed-rank-sum
test). However, the two subpopulations of CA2 cells behaved differently. CA2 phasic cells
were more active in CA2 ripples (p < 0.001 for all comparison with CA1 and CA3 cells and
p < 0.05 when compared with CA2 ramping cells, rank-sum test) and they also fired
frequently during CAL ripples (p < 0.001 for all comparisons except when compared with
CA3c neurons, p < 0.05; rank-sum test). In contrast, CA2 ramping cells were rarely
recruited during CA1 ripples yet fired robustly during CA2 ripples (p < 0.001 for all
comparisons, rank-sum test). CA2 cells participated more in CAL ripples during WAKE than
during SLEEP (Figure 5E; p < 0.01/0.001 for CA2 phasic/ramping, signed-rank test) but
showed no state-dependence in their participation in CA2 ripples (p > 0.05). In contrast,
CA1 and CA3 cells participated more in both CAl and CA2 ripples during SLEEP
compared to WAKE (p < 0.001 for CA1 and p < 0.01 for CA3a, b, and ¢ in both types of
ripples, signed-rank test). Similar results were obtained when participation in CA3 and CA2
ripple events was compared (Figures S4B and S4C).
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In contrast to pyramidal cells, spiking of interneurons in CA1, CA2, and CA3 regions was
rather synchronous, peaking approximately 5 ms prior to CA1 SPW-R peak (Figure S5)
(Csicsvari et al., 1999, 2000; Stark et al., 2014), in line of previous observations that
interneurons show a more global involvement in population events compared to pyramidal
cells (Csicsvari et al., 2000). Yet firing rates of CAL interneurons were lower during WAKE
CA1 SPW-Rs than during SLEEP. In contrast, the firing of CA3a interneurons was
significantly higher in WAKE than in SLEEP (Figure S5D), which may explain the
decreased contribution of CA3a pyramidal cells to WAKE SPW-R initiation.

Overall, these results indicate that the local ensemble activity of neurons in the CA2 region
represents the earliest activity in SPW-R events, implicating this region with a potential role
in the cascade of events that trigger SPW-Rs.

Inter-regional Neuronal Interactions

In addition to the above population comparisons, we analyzed the inter-regional spike timing
between pairs of pyramidal cells in the time windows of CA1 SPW-Rs (Figure 6A). As
expected, single CA3 pyramidal neurons, on average, fired earlier than their CA1 partners (6
ms in SLEEP and AWAKE). Spiking of CA2 pyramidal cells preceded both CA1 (SLEEP,
7/10 ms time lag; WAKE, 9/10 ms time lag for CA2 phasic and ramping cells, respectively;
Figure 6A) and CA3 pyramidal neurons (SLEEP, 4/8 ms; WAKE, 6/7 ms CA2 phasic/
ramping). In addition to the peak delays, the asymmetry of the CA2-CA1 and CA2-CA3
cross-correlograms also supports the leading role of CA2 neurons in SPW-R induction.
While CA2 phasic cells typically had cross-correlograms with a sharp peak, CA2 ramping
neurons displayed a sustained increase prior to both CA1 and CA3 firing and during both
WAKE and SLEEP.

Intra-regional Activation Patterns of Inhibitory Interneurons

Population cross-correlograms between pyramidal neurons and putative interneurons within
both CA1 and CAS3 regions showed that the peak activation of putative interneurons
occurred 2-3 ms earlier than the peak activity of pyramidal cells during both SLEEP and
WAKE (Figure 6B), indicating that interneurons are also activated in a feedforward manner
from an upstream region (Csicsvari et al., 1999). In contrast, CA2 pyramidal neurons fired
before CA2 interneurons (Figure 6B; 3/5 ms for CA2 phasic, 16/13 ms for CA2 ramping in
SLEEP and WAKE). Together, these results imply that the earliest participant and the
putative initiator of SPW-Rs in the hippocampus is the CA2 pyramidal cell population.

Our large-scale recordings of single neurons also allowed for studying the monosynaptic
interactions between regions (Figure 6C; Figure S7A) by calculating spike-transmission
probabilities (Berényi et al., 2014; Csicsvari et al., 1998). CA2 pyramidal neurons activated
not only local putative interneurons but also interneurons in the CA1 and CA3 regions,
although with lower probability in the distal regions than locally (Figure 6D). Among the
CAZ3 subregions, CA3a received more inputs from CA2 than CA3b or CA3c (Figure 6D; p <
0.01, unpaired t test). Phasic CA2 neurons were significantly more effective in discharging
interneurons in their target CA3 region compared to ramping neurons (p < 0.05, t test). CA2
interneurons received not only recurrent excitation from the adjacent CA2 pyramidal cells,
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but also from CA1 and CA3 pyramidal neurons. The connection probability between CA3a
pyramidal cells and CA2 interneurons was significantly higher compared to connections
from the CA3b and c subregions (Figure 6E; p < 0.01, unpaired t test).

Differential Role of Deep and Superficial CA2 Pyramidal Cells in SPW-Rs

Previous work has shown that deep and superficial substrata of the CA1 pyramidal layer
have different physiological features and anatomical connectivity (Mizuseki et al., 2011,
Stark et al., 2014; Varga et al., 2012). Since in a previous study ripple-suppressed CAl
pyramidal cells were located in deep CAL pyramidal layer (Valero et al., 2015), we
investigated SPW-R-related spiking of neurons as function of their depth location in the CA2
pyramidal layer. The vertical distribution of the recording sites of the silicon probe shanks
allowed us to simultaneously sample both superficial and deep neurons. The separation of
neurons into “deep” and “superficial” subgroups was facilitated by the larger depth-span of
the “electric layer” compared to the narrow anatomical CA1 pyramidal layers (< 100 pm;
Stark et al., 2014). The middle of the CA2 pyramidal layer was identified physiologically by
the recording site with the largest ripple-amplitude in the local LFP (Mizuseki et al., 2011).
We were able to isolate multiple single units at several recording sites in the shank located
inside the histologically defined CA2 region (Figure 1A; Figures 7A and 7E). The largest
number of units were recorded by electrodes located in the middle of the pyramidal layer
(Mizuseki et al., 2011), where both phasic and ramping units were present (Figure 7E,
panels 4 and 5). The physiologically identified phasic and ramping groups showed
significantly different depth distributions; ramping neurons resided largely above the middle
of the CA2 pyramidal layer (deep, toward str. oriens), and phasic neurons were located
mainly below the middle of the layer (superficial; toward str. radiatum) (Figures 7E and 7F;
p <0.01, n = 16 sessions in five rats, paired t test). CA2 superficial and deep cells had
similar overall firing rates, but the deep cells were significantly more bursty, analogous to
CAL1 sublayer differences (Mizuseki et al., 2011; Figures S7B and S7C). CA1 SPW-R-
triggered spike histograms of deep and superficial layer CA2 pyramidal neurons yielded
patterns reminiscent of the ramping and phasic subgroups, respectively (Figure 7G).
Activation of deep sublayer neurons preceded the discharge of superficial neurons during
SPW-R (Figure 7H), resembling the pattern observed for CA2 ramping and phasic cells
(Figure 6B).

Because CA1, but not CA3, neurons show characteristic sublayer-dependent phase coupling
to theta oscillations during waking and REM sleep (Mizuseki et al., 2011), we also
quantified these parameters for superficial and deep sublayer CA2 neurons. All CA2
pyramidal neurons in both sublayers kept their theta phase preference across waking and
REM sleep (Figure 71; Figure S7E), indicating that in this respect they are more similar to
CA3 than CA1 pyramidal cells. Although our recordings cannot fully exclude a limited
contamination from the adjacent CA3a pyramidal cells in every case, the findings clearly
show that the superficial and deep layer CA2 pyramidal neurons behave differently.
Furthermore, superficial CA2 neurons may share many features with their adjacent CA3a
partners.
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DISCUSSION

Our findings show that increased discharge of CA2 pyramidal cells precedes the activation
of their CA3 peers during SPW-Rs. Deep layer CA2 neurons ramp up their activity first,
followed by suppression of their spiking during SPW-Rs. Superficial CA2 neurons fire, as a
population, prior to synchronized activity of CA3 neurons. The population activation spreads
through CA3a-b and ¢ and finally to CA1 stratum radiatum where it elicits an LFP SPW
(current sink). Although CA2 neurons contribute to SPW-Rs during both sleeping and
waking, their contribution to wake events is stronger (Figure 5). A subset of CA2 ripples are
followed by a sink in CA1 stratum oriens, indicating direct induction of CA1 ripples by the
CA2 input. Overall, these results establish a prominent role of the CA2 region in SPW-R
generation.

Mechanisms of SPW-R Initiation

Self-organized SPW-Rs have been postulated to arise in the CA3 region when decreased
activity of subcortical neuromodulators allows the spread of excitation in its strongly
recurrent network (Buzséki et al., 1983; Csicsvari et al., 2000; Mann and Paulsen, 2007;
Schlingloff et al., 2014; Ylinen et al., 1995). Most CA3 recurrent collaterals arise from the
CA3a subregion, and these neurons contribute relatively little to direct excitation of CA1l
neurons. The ratio of recurrent versus CA1-projecting axon collaterals increases gradually
from CA3a to CA3b and CA3c subregions (Ishizuka et al., 1990; Li et al., 1994). In addition
to CA3a, CA2 neurons also contribute strongly to the CA2-CA3 recurrent system and send a
minority of their axons to the basal dendrites of CA1 pyramidal cells (Li et al., 1994;
Tamamaki et al., 1988). The physiological spread of activity appears to obey this anatomical
organization (Csicsvari et al., 2000, 2003). In our experiments, the earliest excitability
change was detected in the deep layer ramping neurons, whose activity gradually increased
tens of milliseconds prior to the SPW-R without culminating in their synchronous
population burst (Figure 5). Such ramping up of excitatory activity is also observable in the
membrane potential of CA3 neurons as increasing amplitude of EPSCs 50-100 ms before
the SPW-R event (Schlingloff et al., 2014) and is considered to be critical for giving rise to
large population events (Traub and Wong, 1982). Thus, ramping up their activity, deep CA2
pyramidal neurons play a leading role in the initiation of populations bursts.

Ramping CA2 neurons became suppressed at the onset of SPW population burst of phasic
CA2 neurons and the recruitment of CA3 and CA1 populations. The hypothesized
population burst-triggering ability of the CA2 circuit might be explained by its unique
anatomical wiring (Figure 1B). In addition to local feedback excitation, CA2 interneurons
were also activated by CA1 and CA3 pyramidal neurons, in agreement with anatomical and
physiological findings (Bartesaghi et al., 2006; Chevaleyre and Siegelbaum, 2010; Mercer et
al., 2012; Piskorowski and Chevaleyre, 2012, 2013). Phasic (superficial) CA2 pyramidal
cells were more effective in driving local interneurons compared to their ramping (deep)
peers (Figure 6D), a feature that they share with the CA1 region (Lee et al., 2014; Stark et
al., 2014; Valero et al., 2015). Thus, the strong excitation of CA2 interneurons by phasic
CA2, CA3, and CA1 pyramidal neurons participating in SPW-R population bursts may
explain the strong silencing of the event-initiator ramping neurons (Kay et al., 2016). Such
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feedback mechanisms may effectively prevent excessive recruitment of pyramidal neurons
during the emerging network bursts underlying SPW-Rs and their excessive repetitive
occurrences. In support of this hypothesis, when fast GABA inhibition is suppressed
pharmacologically by picrotoxin, large amplitude interictal spikes can be triggered by weak
electrical stimulation. Importantly, interictal events invariably emerge in the CA2 region,
independent of the site of stimulation from where the population bursts spread to CA3b and
c and eventually invade the CAL region (Traub and Wong, 1982). The high excitability state
of the CA2 region is also supported by in vivo models of epilepsy in rodents and human
patients, which show that pathological “fast-ripples” (> 250 Hz) occur more frequently in
the CA2 compared to CAL and CA3 regions (Bragin et al., 1999a, 1999b; Ibarz et al., 2010).

Relationship to Epileptic Interictal Events

In addition to “regular” SPW-R events with a negative SPW in CA1 str. radiatum, in a
minority of cases we observed that CA2 activity was followed by a short latency (~5 ms)
negative wave in CA1 str. oriens and a positive SPW in str. radiatum, accompanied by a
ripple in the pyramidal layer (Figure 1C). The likely anatomical substrate of this pattern is
the associational collaterals of CA2 and CA3a neurons that innervate the basal dendrites of
CA1 pyramidal cells (Ishizuka et al., 1990; Li et al., 1994). Activation of this pathway,
therefore, can induce an active sink in str. oriens and an associated passive return current
(source) in str. radiatum and lacunosum-moleculare. Most often, however, the initial str.
oriens negativity was followed by a later negative SPW in str. radiatum and a concurrent
ripple, an indication that the direct CA2-CA1 excitation was coupled with multisynaptic
recruitment of CA1 neurons via the CA2—CA3a—CA3b—CA3c route. These experiments,
therefore, show that strong activation of CA1 pyramidal cells and partner interneurons are
sufficient to induce a ripple, irrespective of the source of excitation (Nakashiba et al., 2009;
Stark et al., 2014). They also demonstrate that short-latency “priming” of the CA1 circuit by
the direct CA2 and CA3a inputs can be combined with a longer-latency, more complex
recruitment of other CA3 neurons. These observations also shed light on a long-held
paradox of the origin of two types of interictal spikes in various models of epilepsy
(Alvarado-Rojas et al., 2015; Wadman et al., 1983). Type | interictal spikes are
“exaggerated” versions of physiological SPWs. Accordingly, Type | LFP spikes are negative
in CA1 str. radiatum, and they utilize the same anatomical substrates as SPWs, but they are
considerable larger in amplitude and shorter in duration, often combined with one or more
large amplitude population spikes in the CA1 pyramidal layer (Buzsaki et al., 1991). In
contrast, Type Il interictal spikes have positive polarity in CA1 str. radiatum, and their
mechanism is unknown (Wadman et al., 1983). In light of our present observations, Type Il
interictal spikes may be supported by super-strong excitation of the basal dendrites of CA1
pyramidal neurons by the direct CA2—CA1 path. Similar LFP patterns, i.e., positive and
negative polarity SPW in the stratum radiatum accompanying CA1 ripples, were also
observed in monkeys and were associated with different patterns of brain-wide BOLD
activation (Ramirez-Villegas et al., 2015). This suggest the possibility that CA2- and CA3-
initiated SPW-R events reach different target regions or are under the control of distinct
subcortical inputs.
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SPW-Rs in the Waking and Sleeping Brain

A striking observation of the present experiments was the characteristically different
involvement of the CA2 region in ripples during waking and sleep. This is perhaps not
surprising since in the sleeping animal activity of subcortical neuromodulators is
considerably more strongly attenuated than in the waking but still animal (Csicsvari et al.,
2007; Karlsson and Frank, 2009; O’Neill et al., 2006). The frequency of CA1 ripples is
faster during waking immobility than during non-REM sleep (Buzsaki, 2015; Ponomarenko
et al., 2008), and this difference is also present in CA2. We also found that while both
baseline firing rates and CA1 SPW-R-related spiking of CA1 and CA3 pyramidal neurons
decreased during waking compared to non-REM, CA2 neurons were more active during
waking. The relative incidence of SPW-Rs in CA1 was higher during non-REM compared to
waking, whereas the incidence of CA2-confined ripples was higher during waking. Sleep
CAL1 SPW-Rs frequently co-occurred with CA3 ripples, but such local CA3 ripples were rare
during waking. In contrast, wake SPW-Rs were commonly preceded by large amplitude and
faster frequency CA2 LFP ripples (Figure 3D). Such brain state-region interactions could, in
principle, be brought about by the differential control of the supramammillary projection,
which selectively innervates the CA2 region (Magloczky et al., 1994). These physiological
differences can impact the role played by SPW-Rs in the waking and sleeping brain.
Reduction or blockade of SPW-Rs during post-learning sleep can interfere with memory
consolidation (Ego-Stengel and Wilson, 2010; Girardeau et al., 2009). Elimination of SPW-
Rs in the waking rat, on the other hand, interferes with working memory and prospective
route-planning (Girardeau et al., 2009; Jadhav et al., 2012). One possible mechanism for this
difference is the selective access of the entorhinal cortex to the CA2 region (Chevaleyre and
Siegelbaum, 2010), whose efficacy may change with brain state. Our findings suggest that
during waking, the entorhinal cortex may “prime” the CA2 region so that prospective
(forward) replay may dominate SPW-R content, whereas during sleep the CA3 region plays
a more important role in triggering SPW events and induces replay of reverse neuronal
sequences.

Given the critical role of SPW-Rs in memory consolidation, the finding that CA2 disruption
did not affect spatial memory performance (Hitti and Siegelbaum, 2014) is seemingly at
odds with our findings that the CA2 region initiates SPW-Rs. However, ripples can emerge
at multiple hippocampal subregions, provided that sufficient level of excitation is built up
locally (Stark et al., 2014). In the absence of CA2, the neighboring CA3a subregion can
likely become the SPW-R-initiator zone, given its similarly extensive local excitatory
collateral system (Tamamaki et al., 1988).

The phasic and ramping CA2 pyramidal cells likely correspond to the two subgroups of
neurons (“positively” and “negatively” modulated by ripples) described by Kay et al. (2016).
However, Kay et al. (2016) concluded that CA2 neurons are strongly suppressed during
SPW-Rs (i.e., our ramping neurons) and suggested that positively modulated (our phasic
group) neurons are in fact CA2-bordering CA3a or CA1 pyramidal cells. Our high-spatial-
resolution recording methods, the large coverage of the CA1-2-3 regions, and the
histologically identified recording sites within the CA2 region unequivocally demonstrate
that the CA2 region consists of sublayers with physiologically and, possibly, anatomically
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distinct properties. Overall, our findings demonstrate that the strongly recurrent CA2 region
is a high excitability zone, which can function as the initiator of population events.

EXPERIMENTAL PROCEDURES

Eight rats were implanted with 256-sites movable silicon probes (Berényi et al., 2014;
Schomburg et al., 2014; see Supplemental Experimental Procedures for full details).
Animals were recorded during long SLEEP sessions in their home cage (1-5 hr) and during
different navigational tasks (open field exploration, linear track running). All experiments
were performed in accordance with European Union guidelines (2003/65/CE) and the
National Institutes of Health Guidelines for the Care and Use of Animals for Experimental
Procedures. The experimental protocols were approved by the Ethical Committee for
Animal Research at the Albert Szent-Gyorgyi Medical and Pharmaceutical Center of the
University of Szeged and the Animal Care and Use Committee of the New York University
Medical Center.

Cellular and dendritic layers were identified by CSD and ICA analysis of LFPs (Fernandez-
Ruiz et al., 2013; Schomburg et al., 2014). The CA2 region was identified post hoc from
histological sections by the thicker pyramidal layer and wider and sparser cell bodies
compared to CA1 and confirmed by specific immunolabeling (Figure 1A; anti-PCP4).

Data analyses were carried out using built-in and custom-built software in Matlab
(MathWorks). Significance testing of data comparisons was done by standard parametric
(Student’s t test) and non-parametric (Wilcoxon signed-rank or rank-sum tests) tests or by
determining the crossings of confidence boundaries of surrogate datasets (compensated for
type | statistical error). Single, double, and triple asterisks on the figures represent
significance levels lower than 0.05, 0.01, and 0.001, respectively. For all plots, mean and
standard error are shown, unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Synchronous activity in CA2 region precedes sharp-wave ripples (SPW-Rs).

Activity of deep CA2 pyramidal cells ramps up before SPW-R, then quickly
drops

Superficial CA2 cells fire synchronously preceding CA3 and CA1 during
SPW-Rs

CA2 cells contribute more strongly to WAKE SPW-Rs while CA3 participates
more in SLEEP
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Figure 1. Overview: Heterogeneity of Ripples in CAl, CA2, and CA3 Regions
(A) Histological section parallel to the transverse axis of the hippocampus double stained

with DAPI (blue) and anti-PCP4 (green) to identify the CA2 region. The cartoon of the
electrode shanks is constructed following the track marks visible on the inset.

(B) Example peri-SPW-R firing histograms of CA1-CA2-CA3a, b, and ¢ pyramidal cells,
triggered by the SPW troughs. Histograms are color coded to mark their regions of origin.
All histograms are remarkably similar with the exception of a subpopulation of CA2 cells.
CA2 boundaries are marked with dashed lines. An example CA1 SPW-R used as trigger is
shown in green. Arrows illustrate the expected propagation of synchronous unit firing during
SPW-Rs based on the anatomy. From CAZ2, excitation propagates to CA3a, b, and ¢ and then
to CAL. Alternatively, CA2 activity can also propagate directly to CA1 (dashed line).

(C) Upper panel: LFP-CSD map triggered by one CA2 ripple (white arrow). Note the
characteristic negative SPW (black lines) and sinks in the str. radiatum (in blue, marked by
arrow) accompanied by ripples (black lines) and flanked by passive sources in the pyramidal
layer and str. lacunosum-moleculare (red) after the CA2 ripple peak. Bottom panel: Another
characteristic pattern triggered by CA2 ripple (white). Excitatory currents in CAL in str.
oriens (blue sinks and black negative waves, black arrow) were accompanied by return
currents in str. radiatum (red sources). Note ripples in all CA1 pyramidal layer sites. See also
Figure S1.

Neuron. Author manuscript; available in PMC 2021 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Oliva et al.

Page 19
A sLEEP WAKE
= |
My MM
> ’ > ’
g 150] Q@ 2 150 /
% 50’ f ‘ %)- 504 r
£ -100 0 100 ) & 100 0 100 )
time (ms) time (ms) 4
CA1 SPW-trigger 24 o CA1 SPW-trigger B
3
Q
13
o
<o M
c —_—
SLEEP WAKE g 4 | _L
CA1 CA1 a I SLEEP
—_ el
& 250 g2 WAKE
= [$] 1
> 7]
2 150 N ' .
) — S
z 0 cA1 CA2 CA3
£ 50
D 0.1 " .
CA2 o~ ] = e
—_ >4 >
T 250 g E
> 8 5 0.05
£ 150 1% S
S S
g &0 3 .
I <0 N CA1 CA2  CA3
E
R CA3 200 - —,
¥ 250 g —
- <150
2 150 3
[ =
g - $ 100
g 80 50 g
100 -50 0 50 100 -100 -50 O 50 100 * 50

CA1 CA2 CA3

time (ms) time (ms)

Figure 2. High-Frequency LFP Oscillations during SPW-R
(A) An example of SPW-R triggered wavelet spectrograms at every recording site in the

CA1-CA2-CA3 pyramidal layer during a single session. Strong power increase in the ripple
band appeared at every site during both SLEEP and WAKE SPW-R, albeit with different
timing and frequency profiles.

(B) Averaged SPW-R-triggered spectrograms of the different regions for both states. Ripple
power in CA1 appeared synchronously with SPW-R peak; however, it appeared earlier in
CAZ2, while later and with slower frequency in CA3. Black lines, SPW trough; white
asterisks, maximal ripple powers.

(C) Ripple power was significantly larger in CA2 during WAKE ripples, while in CA1 and
CAZ3 during SLEEP ripples.

(D) Same comparisons as (C) but with absolute voltage values showing similar results.

(E) Frequency of power maximum is similar in CA1 and CA2 regions and higher during
WAKE, and ripple frequency is significantly slower in CA3.

See also Figure S2. Error bars in (C), (D), and (E) represent £SEM.
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Figure 3. Temporal Relation of Ripples in CAl, CA2, and CA3
(A) Example SPW-R recorded by two shanks, one in CA2 and the other in mid-CA1 region

(900 um distance), both reaching also the CA3 pyramidal layer. Note that while SPWs in
CA2 and CAZ1 are largely synchronous (yellow line), ripple in CA2 occurs 20 ms prior to
CAL.

(B) Average occurrence of ripples is higher in CAl and CA3 during SLEEP compared to
CA2, whereas during WAKE CAZ2 is more active.

(C) Mean frequency (£SEM) of ripples is higher in all regions during WAKE.

(D) Percentages (xSEM) of ripples detected in different regions propagating to downstream
areas. Higher proportion of events propagated during WAKE than SLEEP from CA2 to
CA1, while from CA3 to CAL the propagation is larger during SLEEP than WAKE.

(E) The percentage of CA1 ripples that have a previous CA2 ripple is higher during WAKE,
and those with a preceding CA3 ripple are more during SLEEP.

(F) Cross-correlograms between ripple peaks and SPW through (orange dashed lines) were
constructed by detecting ripples independently at each recording site and pooling data for all

Neuron. Author manuscript; available in PMC 2021 May 21.

o

time lag (ms
o



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Oliva et al.

Page 21

sites and animals from the same area. While the peak of ripple power and SPW troughs are
aligned in CA1, CAZ2 ripples occur earlier (13 and 21 ms in SLEEP and WAKE). Solid lines
indicate CCG peaks. Median and second/third quartiles of the cross-correlogram distribution
emphasize the earlier occurrence of CA2 ripples. See also Figure S2.
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Figure 4. Characteristics of Pyramidal Cells in CAl, CA2, and CA3 Regions
(A) Percentage of cells per region that significantly increased or reduced their firing rates

during CA1 SPW-R. Bottom part of each bar represents positively modulated percent of
cells, middle part (black or dark green) represents negatively modulated cells, and gray
represents non-modulated cells. Note that while only a minority of cells is suppressed in
most regions (black), approximately half of the CA2 pyramidal cells reduce their firing rates
during SPW-Rs (dark green).

(B) Median firing rates (boxes, interquartile ranges; error bars, ranges) of CA1, CA2, and
CAZ3 pyramidal cells during SLEEP and WAKE. CA2 pyramidal cells fired faster in both
states compared to CAl and CA3 (p < 0.01/0.001 for all comparisons during SLEEP and
WAKE, Wilcoxon rank-sum test).

(C) While CA1 and CA3 pyramidal cells fired more during SLEEP than WAKE, CA2
principal cells showed the opposite behavior.

Error bars represent £SEM. See also Figure S3.
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Figure 5. Temporal Dynamics of Unit Activity during CAl and CA2 Ripples
(A) Peri-SPW-R Zscored firing rate raster plots for all putative principal cells and average

(xSEM) firing rate curves per region show a propagation of peri-SPW-R activity from CA2
to CA3a, b, and c and finally CA1 during SLEEP (left panel). CA2 cells are separated into
two subgroups based on their firing pattern during SPW-R (“phasic” cells, light green;
“ramping” cells, dark green). Note the slow early ramping-up and sudden decrease of the
firing rate in the ramping group approximately 30 ms prior to CAL ripple peak. Insets show
peak time-lags of averaged firing rate curves, and their color-coded pairwise significance
levels. During WAKE SPW-Rs (right), both CA2 cell groups had the highest firing
probability 20-30 ms before the SPW-R peak.

(B) Peri-CA2-ripple firing plots were constructed in the same manner as in (A).

(C) Averaged peri-SPW-R firing rate curves (£SEM) in absolute units (Hz) in a £ 100 ms
window centered on CAL1 ripple peak (left panel). CA1 and CA3 pyramidal cells fired more
during SLEEP compared to WAKE. In contrast, CA2 cells fired more during WAKE than
SLEEP CAL1 ripples. During CA2 ripples (right panel), the firing of CA1 and CA3 units was
lower compared to CAL ripples (p < 0.001 for all comparisons, t test) while CA2 pyramidal
cells were more active (p < 0.001 in both cases). Firing rates were decreased during WAKE
in all regions.
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(D) Participation probability of CA1, CA2, and CA3 pyramidal cells in CA1 and CA2
ripples illustrates the relative independence of the CA2 region. CA1 and CA3 units have
larger degree of participation in CA1 ripples in both states (p < 0.001 for all comparisons,
signed-rank test), while CA2 units show the opposite behavior (p < 0.001 for all
comparisons). Note that CA2 phasic cells (light green) have larger degree of participation in
both types of ripples than CA2 ramping cells (dark green).

(E) Participation probability of CA1 and CA3 pyramidal cells was higher in CA1 and CA2
ripples during SLEEP compared to WAKE (p < 0.001 for CA1 and p < 0.01 for CA3a, b,
and c in both types of ripples, signed-rank test). In contrast, CA2 units participated more
frequently in CAL ripples during WAKE (p < 0.01/0.001 for CA2 phasic/ramping, signed-
rank test) but no brain state dependence was present for CA2 ripples (p > 0.05).

Error bars represent £SEM. See also Figures S4, S5, and S6.
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Figure 6. Inter-regional Spike Timing Relationships
(A) Population cross-correlograms of pyramidal cells from different regions were

constructed by pooling all spikes that occurred during SPW-R periods during SLEEP and
WAKE. Note that CA2 pyramidal cells fired, on average, before CA1 and CA3 principal
cells during both SLEEP and WAKE SPW-R, and CA3 units fire earlier than CA1. Dashed
vertical lines indicate zero time lag and solid lines mark CCG peaks. Red horizontal dashed
lines indicate 0.01% significance level obtained from jittered CCGs and blue curves show
the 0.01% significance boundaries for CCG symmetry, obtained by shuffling the order of the
individual cell pairs. Orange arrows indicate inferred direction of spike transmission.

(B) Population cross-correlograms between pyramidal cells and interneurons within regions.
Note that in CAl and CA3 the maximal probability of firing of interneurons slightly
precedes pyramidal cells (dashed lines), while in CA2 pyramidal cell activation leads
interneuron discharge.

(C) Connectivity graph shows putative monosynaptic connections between pyramidal cells
(triangles) and interneurons (circles) in a representative session (colors represent region
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identities). Right panel, cross-correlogram and autocorrelograms of an example CA2
pyramidal cell/CAL interneuron pair.

(D) CA2 output connectivity was quantified as the probability (+SEM) of monosynaptic
connections (significant pairs divided by total possible pairs) between CA2 pyramidal cells
and CA1, CA2, or CA3 interneurons.

(E) CA2 input connections were qualified as the probability (+SEM) of connections between
CA1 or CA3 pyramidal cells with CA2 interneurons. CA2 interneurons received more inputs
from CA3a than from CA3b or c. See also Figure S7.
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Figure 7. Anatomical Segregation of Phasic and Ramping CA2 Pyramidal Cells
(A) Anti-PCP4 immunolabeled section of the hippocampus with recording shank passing

through the CA2 region.

(B) Average LFP traces recorded at different depths in CA2, triggered by CA2 ripple power
peaks (n = 2,041).

(C) Filtered (140-230 Hz) traces at different depths.

(D) Mean ripple power at different recording depths.

(E) Average waveforms (top panels) of eight neurons simultaneously recorded by the same
shank showing different ripple-related firing patterns (bottom panels). Note that deep
neurons are suppressed (1-4), whereas superficial neurons (5-8) are recruited by ripples.
Vertical red line at 0 ms, peak of ripple power. Horizontal dashed lines indicate 95% upper
and lower confidence intervals.

(F) Depth distribution (SEM) of phasic and ramping neurons in the CA2 pyramidal layer.
Phasic cells were preferably found in superficial pyramidal layer (closer to str. radiatum)
while CA2 ramping cells were preferably located in the deep layer (closer to str. oriens).
(G) Peri-SPW-R activity curves were computed as in Figure 5 for superficial and deep CA2
cells, respectively. Note the similarity of activity curves of superficial and deep neurons to
phasic and ramping categorization, respectively (compare with Figure 5A).
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(H) Peri-SPW-R cross-correlograms between CA2 deep and superficial pyramidal cells
during SLEEP and WAKE. Note that deep cells slightly precede the activation of superficial
cells.

() Distribution of preferred theta phases of unit firings during running and REM sleep
periods for CA2 deep and superficial pyramidal cells. See also Figure S7.

Neuron. Author manuscript; available in PMC 2021 May 21.



	SUMMARY
	In Brief
	INTRODUCTION
	RESULTS
	Brain State-Dependent SPW-Rs in CA1, CA2, and CA3 Areas
	Firing Patterns of CA1, CA2, and CA3 Neurons
	CA2 Ensemble Activity Precedes SPW-Rs
	Inter-regional Neuronal Interactions
	Intra-regional Activation Patterns of Inhibitory Interneurons
	Differential Role of Deep and Superficial CA2 Pyramidal Cells in SPW-Rs

	DISCUSSION
	Mechanisms of SPW-R Initiation
	Relationship to Epileptic Interictal Events
	SPW-Rs in the Waking and Sleeping Brain

	EXPERIMENTAL PROCEDURES
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

