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SUMMARY

The hippocampal CA3 region is classically viewed as
a homogeneous autoassociative network critical for
associative memory and pattern completion. How-
ever, recent evidence has demonstrated a striking
heterogeneity along the transverse, or proximodistal,
axis of CA3 in spatial encoding and memory. Here we
report the presence of striking proximodistal gradi-
ents in intrinsic membrane properties and synaptic
connectivity for dorsal CA3. A decreasing gradient
of mossy fiber synaptic strength along the proximo-
distal axis is mirrored by an increasing gradient of
direct synaptic excitation from entorhinal cortex.
Furthermore, we uncovered a nonuniform pattern of
reactivation of fear memory traces, with the most
robust reactivation during memory retrieval occur-
ring in mid-CAS (CA3b), the region showing the stron-
gest net recurrent excitation. Our results suggest
that heterogeneity in both intrinsic properties and
synaptic connectivity may contribute to the distinct
spatial encoding and behavioral role of CA3 subre-
gions along the proximodistal axis.

INTRODUCTION

The hippocampal CAS region is essential for encoding, storage,
and recall of declarative memory (Rolls, 2007, 2013b; Treves and
Rolls, 1994). CA3 is distinct within the hippocampus as it is the
only region with strong recurrent excitatory collateral connec-
tions capable of forming an autoassociative network. Such con-
nectivity has provided the foundation for numerous theoretical
studies of hippocampal-based associative memory storage
and pattern completion, the process by which an entire memory
is retrieved from partial cues (McNaughton and Morris, 1987;
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Rolls, 2007, 2013a), dating back to the work of Marr (1971).
This contrasts with the proposed role of dentate gyrus (DG) in
pattern separation, in which the large number of granule cells
provide for sparse representations that enable similar inputs to
be transformed into distinct outputs to prevent interference (Kes-
ner and Rolls, 2015; Rolls, 2007, 2013a).

Despite the extensive theoretical and experimental support for
a role of CA3 recurrent connectivity in pattern completion (Guz-
man et al., 2016; Kesner, 2007; Lee et al., 2004; Leutgeb et al.,
2004; McHugh and Tonegawa, 2009; Nakashiba et al., 2008;
Nakazawa et al., 2002, 2003; Neunuebel and Knierim, 2014),
relatively little is known about the strength of recurrent inhibitory
drive relative to excitation (I/E balance). Because pyramidal
neuron activity is powerfully regulated by feedforward and feed-
back inhibition (Isaacson and Scanziani, 2011; Lawrence and
McBain, 2003; Miles and Wong, 1984, 1987), knowledge of the
I/E balance is critical for determining whether the recurrent col-
laterals can provide sufficient net excitation to support an au-
toassociative network (Guzman et al., 2016). Indeed, one of the
first in vivo intracellular recording studies found that stimulation
of the recurrent collaterals produced a net inhibitory response
in CA3 PNs (Spencer and Kandel, 1961). Surprisingly, there
have been few studies to date that assess I/E balance in the
CAS recurrent network.

A second important question about the role of CA3 in memory
storage and recall arises from its known heterogeneity along the
transverse (or proximodistal) axis. To date, the majority of exper-
imental studies and computational models have treated CA3 as
a single homogeneous entity (Denny et al., 2014; Nakashiba
et al., 2008; Nakazawa et al., 2002, 2003; Rolls, 2013b). How-
ever, Lorente de N6 (1934) divided CA3 into three approximately
equal-sized subregions along the proximodistal axis over 80
years ago. Proximal CA3 or CA3c lies closest to DG, whereas
distal CA3 or CA3a lies closest to CA2, with mid-CA3 or CA3b
interposed. More recent studies demonstrate marked proximo-
distal heterogeneity in CA3 PN dendritic morphology, axonal
projections, and gene expression patterns (Ishizuka et al.,
1995; Ishizuka et al., 1990; Li et al., 1994; Thompson et al.,
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2008; Turner et al., 1995). For example, many genes highly en-
riched in proximal CA3 are nearly absent in distal CA3, and
vice versa, a phenomenon that is less pronounced in CA1 (Cem-
browski et al., 2016; Thompson et al., 2008).

Important differences have also been reported for the behav-
ioral role of the CA3 subregions. Animals with lesions restricted
to proximal CA3 show greater deficits in processing spatial infor-
mation than those with lesions in distal CA3 (Hunsaker et al.,
2008). Additionally, proximal CA3 is more strongly activated
during a nonspatial delayed nonmatch-to-sample recognition
memory task than distal CA3 (Nakamura et al., 2013). Imaging
of immediate-early gene Arc expression revealed a proximodistal
gradient of activation during pattern separation, with proximal
CA3 showing the greatest sensitivity to different environments
and distal CA3 the least (Marrone et al., 2014). In addition, a
proximodistal gradient of increasing reactivation of CA3 during
retrieval of fear memory has recently been reported based on
c-fos-driven transgene expression (Nakazawa et al., 2016). These
data are consistent with a functional gradient of place cell proper-
ties along the proximodistal axis, with distal CA3 more strongly
involved in pattern completion and proximal CA3 more strongly
involved in pattern separation (Lee et al., 2015; Lu et al., 2015).

What cellular and circuit mechanisms may contribute to the
proximodistal heterogeneity in CA3 function during spatial en-
coding, memory storage, and recall? How is proximal CA3 tuned
to perform pattern separation, whereas distal CAS is tuned for
pattern completion? Here we systematically characterize the
intrinsic membrane excitability properties, synaptic connectivity,
and I/E balance of recurrent connectivity along the CA3 proximo-
distal axis in mouse dorsal hippocampus. We then relate these
properties to proximodistal heterogeneity in neuronal reactiva-
tion during fear memory recall using a genetic Arc-based imag-
ing approach (Denny et al., 2014; Josselyn et al., 2015).

RESULTS

To investigate potential physiological mechanisms that may
contribute to the role of the different CA3 subregions in learning
and memory and spatial encoding, we examined the intrinsic
electrophysiological properties, dendritic morphology, and syn-
aptic connectivity of pyramidal neurons (PNs) in the three CA3

subregions in dorsal hippocampus (Figures 1A and 1D-1F). For
a subset of recorded PNs, we performed biocytin-based stain-
ing, which enabled us to determine the relative location of the
recorded neurons along the transverse axis, with 0 assigned to
the most proximal region of CA3 and 1 assigned to the end of
mossy fibers (MF) near the CA2/CA3 border (Figures 1A and
1D-1F). We also examined the properties of CA2 PNs to deter-
mine their relationship to CA3. Because CA2 and CA3a PNs
are intermingled at the border region, we only included CA3a
and CA2 PNs that were visualized using biocytin morphological
reconstruction to determine the presence or absence, respec-
tively, of thorny excrescences, a hallmark of CA3 PNs (e.g., Fig-
ures 1D, 4B, and 4C).

Heterogeneity in Dendritic Morphology of Hippocampal
PNs along the Proximodistal Axis

Dendritic structures of CA3/CA2 PNs across the transverse axis
have been examined in detail in a previous study from rat hippo-
campus (Ishizuka et al., 1995). Here we reexamined the dendritic
morphology of CA3/CA2 PNs along the transverse axis from
mouse dorsal hippocampus. We filled the neurons with biocytin
during whole-cell recordings, performed morphological recon-
structions using Neurolucida, and conducted morphometric
analyses. Some of the data from CA1 and CA2 PNs presented
here have been reported in our previous paper (Sun et al.,
2014). We found CA3c has the shortest total dendritic length
across the subregions (Figures S1A and S1B). The difference is
particularly evident for dendrites in stratum lacunosum molecu-
lare (SLM), where the axonal projections from layer Il entorhinal
cortex (EC) stellate cells terminate. The dendritic length of CA2
PNs in SLM was the greatest, followed by CA3a and CA3b (Fig-
ures S1A and S1B).

A Sholl analysis revealed that CA3a, CA3b, and CA2 PNs had
more dendritic intersections in SLM (250-450 um from the soma)
than CA3c and CA1 (Figure S1C). Indeed, CA3c had very few
dendritic branches that extend into SLM. At the basal dendrites,
CA3a and CA3b had the greatest number of dendritic intersec-
tions (Figure S1C), consistent with their long basal dendrites.
Together, our data revealed a pronounced proximodistal hetero-
geneity of dendritic structures from CA3c to CA2, consistent with
previous results on rat hippocampus (Ishizuka et al., 1995).

Figure 1. A Proximodistal Gradient of Intrinsic Excitability and Input Resistance of CA2/CA3 PNs

(A) Schematic diagram of a transverse hippocampal slice. CA3 is divided into three equal-sized regions along the transverse axis (CA3c, CA3b, and CA3a). The
location of each recorded neuron was normalized from 0 to 1 based on their transverse location. PNs located at the beginning of the mossy fibers near DG were
assigned a location of “0,” whereas neurons located at the end of the mossy fibers near CA2 were assigned a location of “1.”

(B) Resting membrane potential plotted against normalized cell location.

(C) Mean resting membrane potential in indicated subregions. Error bars show SE. **p < 0.01, **p < 0.001. n = 16-32 neurons per group.
(D) Sample images of CA2 and CA3a PNs filled with biocytin. Note the absence (CA2, arrows) and presence (CA3a, arrowheads) of thorny excrescences in the

expanded view (right).

(E) Sample images of a CA3b PN filled with biocytin. Note the presence of thorny excrescences (arrowheads) in the expanded view (right).
(F) Sample images of a CA3c PN filled with biocytin. Note the presence of thorny excrescences (arrowheads) in both basal and apical dendrites in the expanded

view (right).

(G) Sample traces of firing patterns in response to indicated constant current injection.

(H) Mean firing frequency during the current step as function of current injection. Error bars show SE. **p < 0.01, **p < 0.001. n = 15-24 neurons per group.
(I) AP frequency in response to a 1's, 600 pA current injection plotted against normalized cell location.

(J) Sample traces of subthreshold membrane voltage responses to indicated current injections.

(K) Mean input resistance in indicated subregions. Error bars show SE. **p < 0.01, ***p < 0.001. n = 12-20 neurons per group.

(L) Input resistance plotted against the normalized cell location.
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A Proximodistal Gradient of Intrinsic Membrane
Excitability and Input Resistance of CA3/CA2 PNs

Next we examined the intrinsic membrane properties along the
proximodistal axis. There was a small but statistically significant
continuous proximodistal gradient in resting potential, with the
most negative resting potential in CA3c, followed by CA3b,
CA3a, and CA2 (Figures 1B and 1C). Further, the resting potential
of individual cells was linearly correlated with their proximodistal
location, indicating a gradual change (Figure 1B).

Next we assessed intrinsic membrane excitability by injecting
a series of 1-s-long depolarizing current pulses, with the mem-
brane potential held initially at —72 mV for all regions (Figures
1G and 1H). The spike frequency versus stimulating current
(F-1) curve showed that CA3c was the most excitable subre-
gion—firing the greatest number of APs in response to a given
current pulse —followed by CA3b, with CA2 being the least excit-
able subregion (Figures 1G and 1H). However, the firing pattern
of CA2 PNs in response to a strong current injection (>0.8 nA)
was distinct, as CA2 PNs fired more APs than CA3a or CA3b
(Figures 1G and 1H). Because of the proximodistal gradient of
resting potential (Figures 1B and 1C), we also examined the F-I
curve at the resting potential of each cell to provide a more phys-
iologically realistic assessment. We found a similar gradient of
excitability (Figure S2), indicating a likely difference in excitability
invivo (Kowalski et al., 2016; Turner et al., 1995). Thus, despite its
more negative resting potential, CA3c is the most excitable sub-
region (Figure S2). We also plotted the AP frequency (600 pA cur-
rent injection) against the normalized proximodistal cell location
and observed a linear relationship (Figure 11, Figure S2C), sug-
gesting a gradual, rather than abrupt, change of intrinsic mem-
brane excitability across the transverse axis.

What is the mechanism for the differences in excitability? We
found no significant difference in voltage threshold or action
potential (AP) amplitude among the various subregions (Fig-
ure S3). Rather, we observed a profound gradient in input resis-
tance across the subregions (Figures 1J-1L). CA3c exhibited the
highest input resistance, followed by CA3b, CA3a, and then CA2
(Figures 1J-1L), with the input resistance of CA3c PNs being
5.8-fold greater than CA2 and 2.6-fold greater than CA3a (Fig-
ure 1K). Furthermore, there was a linear relationship of input
resistance of individual cells with their proximodistal location
(Figure 1L), indicating a gradual change with position.

To determine whether the gradient of input resistance can
account for the heterogeneity of intrinsic excitability, we plotted
AP frequency (in response to 600 pA current injection) of individual
cells against input resistance and observed a strong positive
correlation (Figures S4A and S4B). Furthermore, by injecting
increasing values of EPSC-like currents into cells, we determined
that the current threshold required to evoke an AP was inversely
and significantly correlated with input resistance (Figures S4C
and S4D). Taken together, these results suggest that the proximo-
distal gradient of decreasing intrinsic excitability can be largely
accounted for by the decreasing gradient of input resistance.

A Proxmodistal Gradient of /;, in Part Accounts for the
Gradient of Input Resistance

What are the mechanisms underlying the gradient of input resis-
tance, and is it related to the gradient of resting potential? As the

hyperpolarization-activated cation current (/,,) is a key contrib-
utor to both resting membrane potential and input resistance
(Robinson and Siegelbaum, 2003), we reasoned that an
increasing proximodistal gradient of /;, may contribute to the
observed properties. To test this, we first compared sag ampli-
tude in response to a hyperpolarizing current pulse, which pro-
vides an indirect measure of /,,, across the transverse axis.
CA2 exhibited the greatest sag amplitude, followed by CA3a,
with CA3c having the smallest sag (Figures 2A-2C). Moreover,
there was a strong linear relationship between sag amplitude
and normalized cell position (Figure 2B), in agreement with the
linear gradient in input resistance and intrinsic excitability (Fig-
ures 11 and 1L). Furthermore, the input resistance of individual
cells was significantly and inversely correlated with sag (Fig-
ure 2D), supporting a major impact of /,, on intrinsic properties.

To directly assess the influence of /,, on intrinsic excitability, we
applied ZD7288 (10 uM), a blocker of I, to the bath solution. This
caused a significant increase in input resistance in both CA2 and
CA3a, but not CA3b/c PNs (Figures 2E-2G). Consistently, AP fre-
quency in response to constant current injection was also
increased in CA2 and CA3a, but not, CA3b/c (Figures 21-2K).
Furthermore, in the presence of ZD7288 the resting membrane
potential of CA2 PNs was more hyperpolarized, with a weaker
effect in CA3a and no significant change in CA3b or CA3c (Fig-
ure 2H). Finally, application of ZD7288 reduced, but did not
abolish, the difference in input resistance across the subregions
(Figure 2F). Thus, whereas the proximodistal gradient of I, is
important, it only partially accounts for the heterogeneity of
intrinsic excitability.

Given the differences in dendritic length along the transverse
axis, we asked whether differences in membrane area may
contribute to the differences in input resistance. To estimate
membrane area, we measured membrane capacitance in the
presence of ZD7288. We found that CA3c had a significantly
smaller capacitance than the other subregions (Figure 2L),
consistent with its more compact somatodendritic structure
(Figure S1). These results show that the more compact size of
CA3c PNs, in combination with their lower level of I, can largely
account for their high input resistance and thus greater intrinsic
excitability to a given stimulating current.

MF Synaptic Excitation Shows a Decreasing Gradient of
Synaptic Strength across the Proximodistal Axis
Although there is prior anatomical evidence for heterogeneity of
MF input to CA3 along the proximodistal axis (Claiborne et al.,
1986), to our knowledge there have been no prior studies of po-
tential functional differences in the strength of MF synaptic exci-
tation. Here, we directly examined the functional heterogeneity
of MF excitatory drive using an optogenetic approach. To specif-
ically and uniformly activate the MF terminals across the trans-
verse axis, we expressed ChR2 specifically in DG granule cells
by crossing a POMC-Cre mouse line (which specifically targets
DG granule cells in the hippocampus) with the Rosa26-CAG-
STOP-floxed-ChR2(H134R)-EYFP mouse line (Figure 3) (Kheir-
bek et al., 2013; Madisen et al., 2012; McHugh et al., 2007).
We verified the functional expression of ChR2 in granule cells
by demonstrating that photostimulation evoked in granule cells
a large excitatory current under voltage clamp that reliably fired
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Figure 2. A Proximodistal Gradient of /;, Contributes to the Gradient of Intrinsic Membrane Excitability
(A) Sag measurement. Sample membrane voltage traces in different subregions in response to a hyperpolarizing current injection.

(B) Sag amplitude plotted against normalized cell location.

(C) Mean sag amplitude in different subregions. Error bars show SE. *p < 0.05, ***p < 0.001. n = 11-19 neurons per group.

(D) Input resistance plotted against sag amplitude.

(E) Sample membrane voltage responses to —50 pA current injections in the absence (black) or presence (red) of ZD7288 (10 uM).

(F) Mean input resistance in the absence or presence of ZD7288. Error bars show SE. ***p < 0.001. n.s., not significant. n =

5-7 neurons per group.

(G) Input resistance in the presence of ZD7288 as percentage of input resistance in the absence of ZD7288. Error bars show SE.

(H) Change of resting potential in response to application of ZD7288. Error bars show SE. **p < 0.01. *p < 0.05. n.s., not significant. n = 4-7 neurons per group.
(I) Sample traces of firing patterns in response to +400 pA constant current injection in the absence (black) or presence (red) of ZD7288.

(J) Mean AP frequency in response to a +400 pA constant current injection in the absence or the presence of ZD7288. Error bars show SE. **p < 0.01. n.s., not

significant. n = 5-7 neurons per group.
(K) Percent change in AP frequency with ZD7288. Error bars show SE.

(L) Mean membrane capacitance in the presence of ZD7288. Error bars show SE. ***p < 0.001. n = 6-8 neurons per group.

APs under current clamp, even during 20 Hz trains of light pulses
(Figures 3D-3H, n = 4).

To examine synaptic responses in pyramidal neuron targets of
granule cells, we photostimulated MF terminals with a light pulse
centered on the region of stratum lucidum (the site of MF inputs)
containing the dendrites of a PN from which EPSCs were re-
corded under voltage-clamp conditions at —75 mV (near the
reversal potential for the IPSC). The photostimulation reliably
evoked an EPSC in both CA3 and CA2 PNs that was largely abol-
ished by bath application of the mGIuR2 agonist, DCG-IV (con-
trol: —535 + 139 pA; DCG-IV: —60 = 15 pA, n = 9, p = 0.006,
paired t test, Figures 31-3K). This indicates that the light-evoked
current was mediated by MF inputs, which are selectively in-
hibited by mGIuR2 activation (Kamiya et al., 1996).

To compare the MF-mediated EPSCs across the subregions,
we sequentially measured EPSCs under voltage-clamp from

660 Neuron 95, 656-672, August 2, 2017

pairs of CA3a/CA2, CA3c/CA3a, CA3c/CA3b, or CA3c/CA2
PNs from each transverse slice (Figure 4). The EPSCs were
greatest in CA3c and CA3b, and then progressively diminished
across the transverse axis, with the MF EPSC in CA3a, but
not CA3Db, significantly smaller than the EPSC in CA3c (Figures
4E, 4F, and 4H). Consistent with a previous report (Kohara
et al., 2014), we found that CA2 PNs received functional
MF innervation. However, the EPSC amplitude in CA2 was
an order-of-magnitude smaller than that evoked in all
CA3 subregions (Figures 4D, 4G, and 4H). Consistent with
voltage-clamp recordings, the net depolarizing postsynaptic
potential (PSP) showed a similar proximodistal gradient (Fig-
ures 41-4M). Together, these results indicate that CA3c and
CA3b are more strongly driven by their DG inputs compared
to CA3a, with CA2 showing only a very weak excitatory
response.
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(A) Genetic strategy. A floxed ChR2-EYFP mouse line was crossed to a POMC-Cre mouse line to express ChR2 specifically in DG granule cells.

(B) Sample images of a hippocampal transverse slice expressing ChR2-EYFP specifically in DG granule cells. Note the robust expression of ChR2-EYFP (green) in
MF path.

(C) Sample high-magnification image showing the expression of ChR2-EYFP in the soma and dendrites of DG gradual cells.

(D) Sample image of biocytin-filled DG granule cells (magenta) expressing ChR2-EYFP.

(E) Sample traces of granule cell membrane voltage responses to constant current injections.

(F and G) Voltage-clamp (F) and current-clamp (G) recordings from a granule cell expressing ChR2-EYFP in response to 2-ms light pulses of increasing intensity.
(H) Granule cell AP responses to repetitive 2-ms light stimulation (20 pulses at 20 Hz).

(I) Sample image of a CA3b PN filled with biocytin.

(J) Firing pattern of the CA3b PN shown in (I) to current injection.

(K) Left: sample EPSC traces in the absence or presence of DCG-IV (1 uM), an mGIuR2 agonist. Right: quantification of EPSC amplitude in the absence or
presence of DCG-IV. Error bars show SE. **p < 0.01. n = 9 neurons.
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Figure 5. A Proximodistal Gradient of Direct Entorhinal Cortex
Excitation

(A) Schematic diagram showing the setup for simultaneous extracellular field
recordings from SLM of CA1 and CA2/CA3a regions in response to stimulation
of distal inputs in SLM. Top: sample traces of extracellular field EPSPs in SLM
of CA2/3a and CA1, respectively.

(B) fEPSP amplitude plotted against fiber volley in response to increasing
electrical stimulus strengths. ***p < 0.001. Error bars show SE; n = 5 slices.
(C) Sample traces of intracellular EPSPs during whole-cell current-clamp
recordings from PNs in indicated subregions.

(D) Input-output relation of EPSP amplitude as a function of stimulation in-
tensity. **p < 0.001. *p < 0.05. Error bars show SE; n = 9-25 neurons
per group.

Synaptic Excitation by Perforant Path Synapses Shows a
Gradient of Increasing Strength along the

Proximodistal Axis

The heterogeneity in dendritic length in SLM across the CA3/CA2
transverse axis (Figure S1) raises the possibility that the direct
excitatory perforant path (PP) input from EC may show a similar
heterogeneity. We previously found that CA2 receives a much
greater excitatory drive from PP inputs than does CA1 or CA3
(Chevaleyre and Siegelbaum, 2010; Srinivas et al., 2017; Sun
et al., 2014). Here we examined the heterogeneity of direct
cortical excitation of CA3 across the transverse axis. We first re-
corded the extracellular field EPSP (fEPSP) in response to PP
stimulation using a stimulating electrode placed in SLM and
two extracellular recording electrodes at approximately equal

radial positions in SLM of CA1 and CA2/3, respectively (Fig-
ure 5A). A plot of the fEPSP in SLM of CA2/3 as a function of
the amplitude of the fiber volley, a measure of presynaptic
excitation, evoked by different strengths of stimulation revealed
that the fEPSP in CA2/CA3 is roughly twice the size of the
fEPSP in SLM of CA1. This suggests that there are more excit-
atory synaptic contacts in SLM of CA2/3 than of CA1 (Figures
5A and 5B).

However, because the dendrites of CA2 and CA3 PNs
comingle in SLM, extracellular field recordings cannot distin-
guish the synaptic responses generated by different CA2/CA3
subregions. We thus performed whole-cell recordings to mea-
sure the input-output relation of the evoked EPSP in response
to an electrical stimulus delivered to the PP in SLM. The EPSP
evoked by PP stimulation also exhibited a pronounced proximo-
distal gradient. However, the direction of the gradient in EPSP
response was the opposite of the one found with MF inputs (Fig-
ures 5C and 5D). Thus, CA2 PNs generated the largest EPSP in
response to PP stimulation, consistent with our previous reports
(Chevaleyre and Siegelbaum, 2010; Sun et al., 2014), whereas
they only weakly responded to MF stimulation (Figure 4). Within
the CAS region, CA3a PNs exhibited the greatest response, fol-
lowed by CA3b, and then CA3c (Figures 5C and 5D). Notably,
both CA3a and CA3b, but not CA3c, received significantly stron-
ger excitatory drive from EC than did CA1 (Figures 5C and 5D).
These data largely matched the gradient in dendritic structure
observed in SLM (Figure S1). Interestingly, despite the similarity
in the dendritic length in SLM between CA2 and CA3a (Figure S1),
the PP-evoked EPSP amplitude in CA2 was significantly larger
than in CA3a (Figures 5C and 5D), indicating that additional fac-
tors may contribute to the difference. Taken together, our data
suggest that the direct excitatory input from EC has a differential
influence in the different CA3 subregions along the trans-
verse axis.

Heterogeneity of Excitation by the Recurrent Pathway
across the Transverse Axis

As CA3 is known to form an autoassociative network through its
extensive recurrent collaterals (Le Duigou et al., 2014; Miles and
Wong, 1986), we next addressed whether the recurrent network
also exhibits proximodistal heterogeneity. We first measured un-
der current clamp the net depolarizing PSP evoked by a stimu-
lating electrode placed in stratum radiatum (SR), the site of the
recurrent collaterals (Figure 6A). In all three CA3 subregions
and in CA2, stimulation of the CA3 axons evoked a mixed
EPSP/IPSP (Figure 6B). Surprisingly, CA3b PNs displayed a
significantly larger net PSP compared to the other subregions

Figure 4. Proximodistal Gradient of Mossy Fiber Synaptic Responses in CA3/CA2 PNs
(A-C) Sample images of a pair of CA2/CA3a PNs filled with biocytin from whole-cell recording pipette. Note the absence (CA2) and presence (CA3a) of thorny

excrescences (arrowheads) in the expanded views in (B) and (C).

(D-G) Left: sample light-evoked EPSCs from pairs of CA3a/CA2 (D, n = 9 pairs), CA3c/CA3a (E, n = 21 pairs), CA3c/CA3b (F, n = 12 pairs), and CA3c/CA2
(G, n =10 pairs) in response to 2-ms light stimuli. Middle: scatterplots of EPSCs from individual pairs of neurons. Right: mean EPSC amplitude. Error bars show

SE. **p < 0.001, **p < 0.01, *p < 0.05. n.s., not significant.

(H) Light-evoked EPSC summary data. MF EPSCs in CA3b, CA3a, and CA2 were normalized to mean EPSC in CA3c. Error bars show SE.
(I-L) Left: scatterplots of PSPs obtained under current clamp from pairs of CA3a/CA2 (I, n = 8 pairs), CA3c/CA3a (J, n = 17 pairs), CA3¢c/CA3b (K, n = 13 pairs), and
CA3c/CA2 (L, n = 8 pairs) neurons in response to 2-ms light stimuli. Right: mean PSP amplitude. Initial holding potential was —72 mV. Error bars show SE.

***p < 0.001, *p < 0.01, n.s., not significant.

(M) Light-evoked PSP summary data. MF PSPs in CA3b, CA3a, and CA2 were normalized to mean PSP in CA3c. Error bars show SE.
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(Figures 6B and 6C). To dissect the underlying synaptic
mechanisms, we performed voltage-clamp recordings of the
excitatory and inhibitory postsynaptic currents (EPSCs and
IPSCs) across the subregions, with the membrane held, respec-
tively, at —75 mV (near the reversal potential of the IPSC) or 0 mV
(near the reversal potential of the EPSC). Whereas the EPSC was
similar in CA2, CA3a, and CA3b, the CA3c subregion generated
a substantially smaller EPSC (Figures 6D, 6E, and 6H), consistent
with previous anatomical reports of sparse CA3c recurrent col-
laterals (Ishizuka et al., 1990; Li et al., 1994).

In contrast to the relative constancy of the EPSC (apart from
CAS3c), the IPSC demonstrated a striking proximodistal gradient
of increasing amplitude, such that CA3c displayed the weakest
IPSC, with CA3b, CA3a and CA2 showing progressively stronger
inhibition (Figures 6F, 6G, and 6l). The majority of the inhibition
we recorded was di-synaptic, rather than the result of direct acti-
vation of inhibitory axons, as the IPSC was largely abolished by
blockers of glutamatergic transmission (83.6% =+ 4.1% reduc-
tion, n = 7, Figures S5A and S5B).

A comparison of the EPSC and IPSC reveals a striking finding:
inhibition evoked by recurrent collaterals is remarkably strong,
being 3- to 5-fold larger than excitation. Moreover, the IPSC/
EPSC ratio varies among the different subregions. Although inhi-
bition dominates in all CA2/CA3 subregions, CA3b has a signifi-
cantly smaller I/E ratio (3.05 + 0.30, n = 13) compared with CA3c
(5.51 £ 0.84, n = 10) or CA3a (5.76 + 0.74, n = 12; ANOVA;
p = 0.008) (Figures 6F, 6G, and 6J). As a result, the net peak de-
polarization evoked by collateral stimulation is around 2-fold
larger in CA3b compared to the other regions (Figures 6B
and 6C). This suggests that CA3b may play a particular important
role in associative memory recall and pattern completion.

One caveat of measuring synaptic responses with electrical
stimulation is that the results may be affected by the severing
of recurrent collaterals during slice preparation. To minimize
this problem and more accurately determine recurrent synaptic
responses, we used an optogenetic approach (Figure 7, Figures
S5C-S5G). We expressed ChR2 in CA3 PNs by injecting AAV-
CaMKII-ChR2 virus into the CA3 region of wild-type mice. We
then obtained whole-cell recordings from ChR2-negative CA3
neurons and measured the EPSCs and IPSCs elicited by a light
spot centered on the neuron from which recordings were ob-
tained. Because the light spot is directly focused on and encom-
passes the CA3 PNs and its dendrites in SR and SO, and
because ChR2 is able to evoke release even from terminals

with relatively short lengths of axons attached, this method
allows us to record synaptic responses from nearly all excitatory
inputs.

Similar to our results with electrical stimulation, photostimula-
tion of ChR2 evoked large EPSCs and IPSCs in ChR2-negative
CAS3 PNs across the transverse axis (Figure 7). Bath application
of CNQX and APV largely abolished the light-evoked EPSCs and
IPSCs (EPSC: 98.6% =+ 0.6% reduction; IPSC: 94.2% + 1.2%
reduction, n = 3, Figure 7B), indicating that light-evoked EPSCs
are mediated by glutamatergic synaptic transmission and the
IPSCs are mediated by di-synaptic inhibition. The light-evoked
EPSCs in CA3c were significantly smaller than those in CA3b,
whereas those in CA3b were comparable to those in CA3a (Fig-
ure 7C), in agreement with the results using electrical stimulation
(Figures 6D and 6E). In addition, the light-evoked IPSCs in CA3a/
CA2 were significantly larger than those in CA3b, whereas the
IPSCs in CA3b were slightly, but not significantly, bigger than
those in CA3c (Figure 7D). Importantly, CA3b had a significantly
smaller I/E ratio (1.65 + 0.16; n = 9), compared with CA3c (2.9 +
0.46,n=8), CA3a (4.79+0.99,n=7), or CA2 (4.87 + 0.79, n = 6;
ANOVA; p = 0.0019) (Figures 7E and 7F), validating the findings
using electrical stimulation (Figure 6J). Taken together, we
conclude that CA3b receives stronger net excitation from the
recurrent collaterals, and thus may play a more important role
in associative memory recall.

A Proximodistal Gradient of Inhibition Is Mediated by
PV-Expressing Interneurons

What is the mechanism underlying the proximodistal gradient of
recurrent inhibition (Figures 61 and 7D)? As parvalbumin (PV)-ex-
pressing interneurons (PV™*) represent one of the major types of
interneurons in CA3, we tested the possibility of a proximodistal
gradient of PV-mediated inhibition (Figure 8). We first used
immunohistochemistry to examine the expression of perisomatic
PV* terminals along the CA3 transverse axis. There was a clear
proximodistal gradient of increasing PV expression in the CA3
pyramidal cell layer, with PV intensity being highest in CA3a
and lowest in CA3c (Figure 8A), consistent with a proximodistal
gradient of IPSCs observed using electrophysiological record-
ings (Figures 6l and 7D). To functionally assess PV interneuron
inhibition across the transverse axis, we selectively and uni-
formly expressed ChR2 in PV* interneurons by crossing a PV-
Cre mouse line (Hippenmeyer et al., 2005) with the Rosa26-
CAG-STOP-floxed-ChR2(H134R)-EYFP mouse line (Figures 8B

Figure 6. Proximodistal Heterogeneity of Excitation and Inhibition in the CA3 Recurrent Network

(A) Left: a representative hippocampal slice showing a CA3c PN undergoing whole-cell recording in response to stimulation of CA3 recurrent collaterals using a
stimulating electrode placed in the middle of CA3 stratum radiatum. Right: expanded view of the CA3c neuron in the left panel. Note that we positioned the
stimulating electrode based on the position of the recorded neuron across the transverse axis to keep the distance between neuron and stimulating electrode
constant (about 400 um). s.l.m., stratum lacunosum moleculare; s.r., stratum radiatum; s.l., stratum lucidum, s.p., stratum pyramidale.

(B) Sample traces of PSPs, from PNs in indicated regions, evoked by electrical stimulation of recurrent inputs with a stimulating electrode in SR. Inhibition was
intact.

(C) Input-output relation of PSP amplitude plotted against stimulation intensity. ***p < 0.001. **p < 0.01. Error bars show SE; n = 9-11 neurons per group.

(D) Sample traces EPSCs evoked by electrical stimulation of recurrent inputs with membrane held at —75 mV.

(E) Input-output relation of EPSC amplitude plotted against stimulation intensity. **p < 0.001. *p < 0.05. Error bars show SE; n = 9-12 neurons per group.

(F) Sample IPSC and EPSC traces recorded at a holding potential of 0 mV and —75 mV, respectively.

(G) IPSC plotted against EPSC for individual cells. Numbers show the slopes for each group. Black line indicates an I/E ratio of 1.

(H and l) Mean EPSC (H) and IPSC (l) amplitude in response to electrical stimulation (16 V). Error bars show SE. **p < 0.01. *p < 0.05. n = 9-13 neurons per group.
(J) Mean I/E ratio. Error bars show SE. **p < 0.01. n = 9-13 neurons per group.
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Figure 7. Optogenetic Investigation of the Heterogeneity of Excitation and Inhibition in the CA3 Recurrent Network
(A) Sample slice images showing the expression of ChR2 (green) and biocytin-filled CA3 neurons (red), with two sample biocytin-filled CA3a and CA3b neurons

shown in the expanded views (right).

(B) Sample IPSC and EPSC traces in the absence (black) or presence (red) of CNQX/APV recorded at a holding potential of 0 mV and —75 mV, respectively.
(C) Light-evoked EPSCs from pairs of CA3¢c/CA3b (left, n = 5 pairs) and CA3b/CA3a (right, n = 5 pairs) neurons in response to 2-ms light stimuli. Error bars show

SE. *p < 0.05. n.s., not significant.

(D) Light-evoked IPSCs from pairs of CA3c/CA3Db (left, n = 5 pairs) and CA3b/CA3a (right, n = 5 pairs) neurons in response to 2-ms light stimuli. Error bars show SE.

**p < 0.01. n.s., not significant.

(E) Sample light-evoked IPSC and EPSC traces recorded at a holding potential of 0 mV and —75 mV, respectively. Note that all EPSC traces were scaled to the

same level; IPSC traces were also scaled accordingly.

(F) Mean light-evoked I/E ratio. Error bars show SE. **p < 0.01. *p < 0.05. n = 6-9 neurons per group.

and 8C). The amplitude of the light-evoked IPSCs recorded in
CA3 PNs exhibited a striking proximodistal gradient, with the
greatest IPSCs observed in CA3a/CA2 and the smallest in
CA3c (Figure 8C), in accord with the proximodistal gradient of
perisomatic PV expression and the magnitude of recurrent disy-
naptic inhibition. These data suggest a proximodistal gradient of
PV innervation can, in large part, account for the gradient of
recurrent inhibition.

CA3b Shows the Most Efficient Reactivation during
Retrieval of Fear Memory

Might the heterogeneity in intrinsic excitability and synaptic con-
nectivity of the CA3 subregions contribute to heterogeneity in
encoding, storage, or retrieval of memory? Our electrophysio-
logical data indicate that CA3b PNs receive the strongest net
recurrent excitation within CA3, in addition to a powerful MF
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excitation and moderate direct excitation from EC. Because
the CA3 autoassociative network has been suggested to play a
key role in memory storage and recall, especially during pattern
completion (Le Duigou et al., 2014; Papp et al., 2007; Rolls,
2013b), we reasoned that CA3b may be most robustly reacti-
vated during recall of a memory trace compared to other CA3
subregions. To test this hypothesis, we used a genetic memory
trace strategy to label separately neurons activated during mem-
ory encoding and during memory retrieval in the same animals
(Cazzulino et al., 2016; Denny et al., 2014). To achieve this, we
crossed an ArcCreER™ mouse line with a Rosa26-CAG-STOP-
floxed-ChR2(H134R)-EYFP line. We used a contextual fear con-
ditioning (CFC) paradigm to first tag a strongly labeled memory
(Cazzulino et al., 2016; Denny et al., 2014). Mice were injected
with 4-Hydroxytamoxifen (4-OHT), which is required for CreER
activity, 5 hr prior to administering the CFC paradigm. Neural
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Figure 8. A Proximodistal Gradient of Recurrent Inhibition Mediated by PV-Expressing Interneurons
(A) Left: representative images of parvalbumin (PV) immunostaining. Right: mean fluorescence intensity of PV terminals (normalized to CA3c). ***p < 0.001.

**p < 0.01. n =6 mice.

(B) Top: genetic strategy. A floxed ChR2-EYFP mouse line was crossed to a PV-Cre mouse line to express ChR2 specifically in PV-expressing interneurons.
Bottom: sample images of a hippocampal transverse slice expressing ChR2-EYFP specifically in PV-expressing interneurons. Note the robust expression of

ChR2-EYFP (green) at perisomatic PV terminals.

(C) Left: sample light-evoked IPSC traces recorded at a holding potential of 0 mV from CA3 PNs. PV terminals expressing ChR2 were activated by a 2-ms light
pulse. Right: mean and spread plot of light-evoked IPSCs. Error bars show SE. **p < 0.01. *p < 0.05. n = 6 pairs.

activity during memory encoding leads to CreER expression and
activation, resulting in permanent labeling of Arc™ neurons with
ChR2-EYFP (Figures 9A-9H). Five days after CFC, we re-
exposed the animals to the conditioned context to elicit memory
retrieval, resulting in robust freezing (percent time freezing =
76.68% = 3.99%, n = 6 mice). Animals were then sacrificed
1 hr later. We relied on transient expression of c-fos to mark
neurons activated during memory retrieval and compared their
overlap with neurons activated during encoding (ChR2-EYFP™)
(Figures 9A-9H).

We found that the number of EYFP* (encoding) and c-fos*
(retrieval) cells was comparable across the CA3 subregions (Fig-
ures 9l and 9J). However, a distinctive pattern emerged when we
analyzed the percentage of co-labeled EYFP*/c-fos™ neurons
across the transverse axis. The CA3b region contained a strik-
ingly higher percentage of co-labeled EYFP*/c-fos™ neurons
compared with CA3c and CA3a, indicating that a much larger
proportion of CA3b PNs activated during memory encoding
were subsequently reactivated during memory retrieval (Figures
9K and 9L). These results are consistent with the hypothesis that
memory retrieval depends on net recurrent excitation, which is
largest in CA3b compared to the other CA3 subregions.

To provide a more direct link between CA3 neural ensem-
bles involved in memory storage and heterogeneity in CA3
subfield I/E ratio, we selectively expressed ChR2-EYFP in CA3
neurons activated during CFC using ArcCreER'™ mice and
then measured the I/E ratio across the transverse axis (Figures
9M-90). This strategy allowed us to gauge the effect of specific
stimulation of a CA3 neural ensemble activated during CFC, as
opposed to the effects of activating a random population of
CAS3recurrent collaterals with electrical stimulation or non-selec-
tive ChR2 expression employed above. Using this approach, we
found that the CA3 memory ensemble I/E ratios were similar to
those seen above, with the CA3b ratio (3.08 + 0.61, n = 7) being
significantly smaller than that in nearby CA3c (5.56 + 0.45, n =5)
or CA3a (5.85+0.87,n=7; ANOVA; p = 0.023) (Figure 90). These

results support the view that more robust net recurrent excitation
in CA3b may be relevant to its stronger memory reactivation.

DISCUSSION

Since Lorente de N6 first classified in 1934 the CA3 region of the
hippocampus into distinct subregions along the transverse axis
(Lorente de No, 1934), there has been increasing interest in the
diversity of CA3 neuron properties and the potential functional
relevance of these differences to hippocampal-dependent
spatial encoding and learning and memory. A number of studies
support the view that hippocampal CA3 neurons have distinct
anatomical (Ishizuka et al., 1990, 1995; Li et al., 1994; Turner
et al., 1995) and molecular properties (Thompson et al., 2008)
along the transverse axis. In addition the CA3 subregions may
differentially participate in encoding spatial and contextual rep-
resentations (Lee et al., 2015; Lu et al., 2015) and play different
roles in learning and memory (Hunsaker et al., 2008; Nakamura
et al., 2013) and memory recall (Nakazawa et al., 2016). How-
ever, there had been no systematic exploration of the circuit-
based mechanisms that enable the distinct CA3 subregions to
carry out their specific functions.

Our study provides evidence that the different functional roles
of CA3 are associated with distinct proximodistal gradients in
CA3 PN intrinsic membrane properties and synaptic connectiv-
ity. Using a genetic memory trace strategy (Cazzulino et al.,
2016; Denny etal., 2014; Josselyn et al., 2015), we demonstrated
that variations in the engagement of CA3 neurons in memory
recall along the CA3 transverse axis. Our findings support the re-
sults of a recent study in showing that CA3c has weaker reacti-
vation compared to more distal regions of CA3 (Nakazawa et al.,
2016). By distinguishing between CA3a and CA3b, we find that
cellular reactivation efficiency peaks in CA3b. Our findings com-
plement recent behavioral studies and place cell recordings
(Hunsaker et al., 2008; Lee et al., 2015; Lu et al., 2015) by
revealing the diverse cellular and network properties and
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Figure 9. A Larger Proportion of CA3b
Neurons Are Reactivated during Retrieval
of Contextual Fear Memory Compared to
CA3a and CA3c Neurons

(A) Genetic strategy to permanently express
EYFP-ChR2 in activated Arc* cells during CFC
memory encoding. An Arc-CreER line was
crossed to a loxp-stop-loxp-ChR2-EYFP line.
During activity the Arc promoter drives tran-
sient expression of CreER. In the presence of
4-hydroxy-tamoxifen (4-OHT), CreER-mediated
recombination results in permanent activation of
ChR2-EYFP expression.

(B) Experimental design. Mice were injected with
4-OHT. Five hours later they were exposed to
context A for 5 min and received three shocks
with each shock separated by 1 min. Mice were
then re-exposed to context A 5 days later.

(C) Schematic diagram showing permanent
ChR2-EYFP* labeling (green) during memory
encoding (left) and transient c-fos™ labeling (red)
during memory retrieval (middle). EYFP*/c-fos*
co-labeled cells (arrows) represent the re-
activated cells during memory retrieval (right).

(D and E) Representative images showing the
expression of EYFP-ChR2* cells (D, green) and
co-labeling with c-fos (E, red).

(F-H) Expanded views shown in (D) and (E).
Asterisks indicate an EYFP*/c-fos* co-labeled
cell.

(I and J) Average number of EYFP* cells () and
c-fos™ cells (J) from each CA3 subregion. Error
bars show SE; n = 6 mice.

(K and L) Percentage of EYFP*/c-fos™ co-labeled
cells relative to EYFP™ (K) or c-fos™ (L) cells. Error
bars show SE. **p < 0.001, **p < 0.01, *p < 0.05.
n =6 mice.

(M) Experimental design for examining synaptic
response elicited by stimulation of neurons acti-
vated during CFC. AAV5 DIO-ChR2-EYFP was
injected into CA3 regions in ArcCreER™ mice.
Two weeks later, the same animals were injected
with 4-OHT, followed by a CFC protocol 5 hr later.
Slices were then prepared 2 weeks after CFC for
electrophysiological recordings.

(N) Representative images (expanded views in
right) showing the sparse expression of EYFP-
ChR2* cells (green) in CA3 after viral injection
and CFC.

(O) Sample IPSC and EPSC traces (top) and
mean I/E ratio (bottom) in response to stimulation
of ChR2 expressing CA3 neurons using 2-ms light
pulses. Error bars show SE. *p < 0.05. n = 5-7
neurons per group.



functions of CA3 across the transverse axis. Importantly, our re-
sults further suggest that differences in local CA3 circuitry may
contribute to the differences in the behavioral role and spatial en-
coding properties of CA3 subregions and the ability of these re-
gions to differentially support memory recall.

Division of CA3/2 Region along the Proximodistal Axis
The large CAS3 region, which contains over 100,000 neurons in
mice, is traditionally divided into three subregions (a, b, and c)
along the transverse axis (Lorente de N6, 1934). This approach
was adopted in our study for convenience. However, we found
little evidence for abrupt changes along the transverse axis in
electrophysiological properties, consistent with graded proxi-
modistal changes in gene expression (Thompson et al., 2008).
The linear gradients of a number of parameters, including
resting potential, intrinsic excitability, and sag amplitude, indi-
cate the lack of abrupt boundaries across the CA3 transverse
axis. Although a precise molecular, functional, and morpholog-
ical distinction between CA2 and CA3a has been well character-
ized (Hitti and Siegelbaum, 2014; Kohara et al., 2014; Lein et al.,
2005), the anatomical boundary is not abrupt. Indeed, CA3a and
CA2 neurons are highly intermingled at the bordering area, as
seen from staining using CA2-specific molecular makers (Hitti
and Siegelbaum, 2014; Kohara et al., 2014; Lein et al., 2005).
Furthermore, despite the abrupt differences in molecularly
defined CA2 and CA3 PNs, a number of the functional proper-
ties of CA2 PNs fall within a well-defined continual gradient
of electrophysiological and synaptic heterogeneity along the
CA3/CA2 transverse axis. This observation is also supported
by earlier anatomical studies on the topography of CA3/CA2
axonal projections (Ishizuka et al., 1990, 1995; Li et al., 1994;
Turner et al., 1995). Indeed, it can be difficult to distinguish
CA2 from CABa based solely on their electrophysiological
properties or location. Nonetheless, compared to all CA3 subre-
gions, CA2 shows characteristically strong activation by its
direct inputs from EC and weak excitatory drive from MF inputs
from DG.

Heterogeneity of Intrinsic Membrane Excitability

One of our more striking results was the marked proximodistal
gradient in CAS3 intrinsic excitability. Our findings suggest that
the heterogeneity in excitability results from the large proximo-
distal gradient in input resistance (which was previously sug-
gested by Turner et al., 1995), which largely results from a
gradient of /;, and cell membrane area. Our findings are in agree-
ment with the proximodistal gradient in CAS input resistance re-
ported using in vivo recordings from anesthetized rats (Kowalski
et al., 2016).

Alterations in intrinsic excitability have been suggested to
contribute to learning and memory (Zhang and Linden, 2003),
age-related changes in neural function (Simkin et al., 2015),
and a number of neuropsychiatric disorders, including autism
(Cellot et al., 2016). Thus, the pronounced proximodistal gradient
in intrinsic excitability in CA3 may contribute to the proximodistal
gradient of CA3 place field properties (Lee et al., 2015; Lu et al.,
2015) and memory encoding (Hunsaker et al., 2008) and should
be incorporated into future computational models of the CA3
network.

Distinct Mechanisms Underlie Proximodistal
Heterogeneity of Input Strength in CA1 versus CA3

A functional divergence along the proximodistal axis has also
been observed in CA1 (Henriksen et al., 2010; lgarashi et al.,
2014; Masurkar et al., 2017; Nakazawa et al., 2016). The distinc-
tive behavioral roles and physiological properties of distal versus
proximal CA1 are primarily attributed to differences in the
sources of synaptic input. Presynaptic axons from medial ento-
rhinal cortex (MEC) predominantly target dendrites in SLM of
proximal CA1, whereas distal CA1 primarily receives axonal pro-
jections from lateral entorhinal cortex (LEC) (Igarashi et al., 2014;
Masurkar et al., 2017). By contrast, all CA3 neurons across the
proximodistal axis receive both MEC and LEC inputs approxi-
mately equally (Witter, 2007). Thus, CA1 and CA3 appear to
use distinct mechanisms to achieve a functional segregation
along the proximodistal axis, although a subtle proximodistal
gradient in intrinsic membrane properties of CA1 PNs has also
been observed in rat ventral hippocampus (Jarsky et al., 2008).

Heterogeneity of Intrinsic and Extrinsic Synaptic
Connections of CA3 Circuitry

CA3 neurons receive three major intrinsic and extrinsic excit-
atory synaptic inputs: the MFs from DG, recurrent collaterals,
and direct perforant path input from EC (Witter, 2007). Proximo-
distal heterogeneity of these three major inputs in CA3 has pre-
viously been proposed based solely on anatomical evidence
(Claiborne et al., 1986; Ishizuka et al., 1990; Li et al., 1994), but
to our knowledge has never before been studied at the functional
level. Here we observed heterogeneity in postsynaptic re-
sponses along the proximodistal axis of all three major synaptic
inputs. There are opposing proximo-to-distal gradients of
decreasing excitation from MF inputs and increasing excitation
from the direct cortical inputs, consistent with the anatomical
connectivity from both EC (Ishizuka et al., 1995) and MF (Clai-
borne et al.,, 1986) inputs. Previous anatomical studies have
also indicated that CA3a and CA3b receive more abundant
recurrent synaptic connections than does CAS3c (Ishizuka et al.,
1990; Li et al., 1994), consistent with our physiological results.

One of our most striking findings was the non-monotonic het-
erogeneity in the I/E ratio elicited by recurrent collateral stimula-
tion, with CA3b showing a much lower ratio compared to CA3c
or CA3a. This pattern of heterogeneity results from the combined
effects of the increasing gradient in the magnitude of the recur-
rent collateral-evoked monosynaptic EPSC with a previously
unknown proximodistal gradient of increasing disynaptic inhibi-
tion evoked by stimulation of the CA3 recurrent collaterals. Our
anatomical and electrophysiological results show that the
gradient of inhibition is caused by an increasing density of PV-
expressing basket cell input to the CA3 soma.

Taken as a whole, our physiological results provide a potential
circuit mechanism for recent in vivo findings that proximal CA3
(CA3c) is strongly involved in pattern separation, whereas distal
CA3 and CA2 are more important for pattern completion (Lee
et al., 2015; Lu et al., 2015; Marrone et al., 2014). The heavy in-
fluence of DG, which is critical for pattern separation, coupled
with the weak excitation by EC and recurrent collaterals, likely
accounts for the ability of proximal CA3 to participate strongly
in separation. By contrast, the powerful direct cortical drive
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and recurrent excitation, combined with the relatively weak MF
excitation, enable more distal CA3 to participate in pattern
completion.

Nonuniform Reactivation of CA3 Neurons across the
Transverse Axis during Contextual Fear Learning
Classical models of memory storage and pattern completion
view CA3 as a homogeneous circuit (Rolls, 2007, 2013b; Treves
and Rolls, 1992, 1994). Our electrophysiological and memory
trace findings challenge this view (see also Nakazawa et al.,
2016). Using a genetic strategy to trace contextual fear memory
(Cazzulino et al., 2016; Denny et al., 2014; Josselyn et al., 2015),
we provide evidence that recall of the fear memory trace is not
uniformly distributed across the CA3 transverse axis. Instead,
CA3b plays a distinctively important role compared with adja-
cent CA3a and CA3c. This is consistent with our electrophysio-
logical results showing that CA3b is more strongly excited by
its recurrent collaterals compared with other subregions, as
the recurrent collateral network is thought to play a critical role
in memory storage and pattern completion (Guzman et al.,
2016; Le Duigou et al., 2014; Rolls, 2007). We propose that the
powerful recurrent collateral connections in CA3b, coupled
with long-term plasticity of recurrent excitatory synapses (De-
banne et al., 1998; Kim and Tsien, 2008; McNaughton et al.,
1986; Mitra et al., 2011; Montgomery et al., 2001), such as the
unique, symmetrical spike-timing-dependent plasticity rule (Mis-
hra et al., 2016), enhance the capacity of CA3b to be activated
during memory recall. Importantly, because CA3b receives
moderately strong inputs from both EC and MF pathways, our
model is compatible with theories that both inputs are necessary
to form autoassociative memories (Kaifosh and Losonczy, 2016;
Rolls, 2007; Treves and Rolls, 1992).

Our results are of particular interest given recent findings of
Guzman et al. (2016) on CA3 recurrent connectivity. Using
simultaneous whole-cell recordings from up to eight CA3 PNs
in ex vivo hippocampal slices and theoretical modeling, these
authors demonstrated a non-random pattern of recurrent con-
nectivity that was sufficient to enable the CA3 network to carry
out efficient memory recall and pattern completion. Importantly,
the performance of the network was critically dependent on the
level of inhibition (Guzman et al., 2016). Thus, a recurrent
network with a lower I/E ratio enables more efficient memory
recall, in agreement with our findings comparing memory
reactivation and I/E ratio across the CA3 subfields. Further
experimental and theoretical studies of the mechanisms by
which the CA3 network contributes to learning and memory
and spatial encoding will require close attention to the CA3
proximodistal heterogeneity that our study and others have
revealed.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Abcam Cat#: ab13970; RRID: AB_300798
Rabbit anti-c-fos (AB-5) (4-17) Calbiochem Cat#: PC38; RRID: AB_2106755
Rabbit anti-Parvalbumin Abcam Cat#: ab11427; RRID: AB_298032

Streptavidin, Alexa Fluor 594 conjugate
Donkey anti-rabbit Cy3

Biotinylated donkey anti-chicken
Avidin-Cy2

Thermo Fisher Scientific

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#: S11227; RRID: AB_2313574

Cati#: 711-165-152; RRID: AB_2307443
Cati#: 703-065-155; RRID: AB_2313596
Cati#: 016-220-084; RRID: AB_2337246

Bacterial and Virus Strains

AAV9-CamKlla-hChR2(H134R)-EYFP.WPRE.hGH Penn Vector Core N/A
AAV5-EF1a-DIO-hChR2(E123T/T159C)-EYFP UNC Vector Core N/A
Chemicals, Peptides, and Recombinant Proteins

SR 95531 hydrobromide Tocris Cati#: 1262
CGP 55845 hydrochloride Tocris Cati: 1248
D-AP5 Tocris Cat#: 0106
DCG-IV Tocris Cat#: 0975
CNQX Tocris Cat#: 0190
Biocytin Sigma-Aldrich SKU: B4261
3,3'-Diaminobenzidine tetrahydrochloride Sigma-Aldrich SKU: D5905
4-Hydroxytamoxifen Sigma-Aldrich SKU: H7904

Experimental Models: Organisms/Strains

Mouse: C57BL/6J

Mouse: ArcCreER™

Mouse: B6;129P2-Pvalpi™!cre)Arbr/
Mouse: B6.FVB-Tg(Pomc-cre)1Lowl/J

Mouse: B6;129S-Gt(ROSA)26SorM32(CAG-COP4H134R/EYFP)Hze |

The Jackson Laboratory
Denny et al., 2014

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Stock No: 000664; RRID: IMSR_JAX:000664
N/A

Stock No: 008069; RRID: IMSR_JAX:008069
Stock No: 010714; RRID: IMSR_JAX:010714
Stock No: 012569; RRID: IMSR_JAX:012569

Software and Algorithms

Axograph X
FreezeFrame
ImagedJ
Prism 7

Axograph
Actimetrics
ImagedJ
GraphPad

http://www.axographx.com/
http://actimetrics.com
https://imagej.nih.gov/ij/
http://www.graphpad.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Steven

Siegelbaum (sas8@columbia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The procedures described were conducted in accordance with National Institutes of Health regulations and approved by the Insti-
tutional Animal Care and Use Committees of Columbia University and the New York State Psychiatric Institute. The mice were group-
housed and maintained in a temperature- and humidity-controlled room on a 12:12 h light/dark cycle. All animals were provided with

food and water ad libitum.
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Wild-type C57BL/6J male mice were obtained from the Jackson Laboratory. ArcCreER™(+/—) female mice were generated
as described previously (Denny et al., 2014). ArcCreER™(+/—) female mice were bred with Rosa26-CAG-STOP-floxed-
ChR2(H134R)-EYFP (Ai32) male homozygous mice (Madisen et al., 2012). Recombination was induced using 4-hydroxytamoxifen
(4-OHT) (Sigma, St Louis, MO, H7904). Drug was dissolved by sonication in 10% EtOH/90% corn oil at a concentration of
10 mg/ml and 200 pL (2 mg) was injected intraperitoneally (i.p.) into adult mice. All experimental mice were heterozygous for the
reporter.

POMC-Cre(+/—) and PV-Cre (+/+) male mice were obtained from Jackson Laboratory and were bred with Rosa26-CAG-STOP-
floxed-ChR2(H134R)-EYFP (Ai32) female homozygous mice (Madisen et al., 2012) to generate POMC-Cre/Rosa26-CAG-STOP-
floxed-ChR2(H134R)-EYFP and PV-Cre/Rosa26-CAG-STOP-floxed-ChR2(H134R)-EYFP heterozygous mice, respectively. Both
male and female heterozygous mice were used in the experiments.

METHOD DETAILS

Stereotaxic viral injections

Viral injections were performed as described previously (Hitti and Siegelbaum, 2014). Briefly, mice were anesthetized with isoflurane
and placed in a stereotaxic apparatus. The glass micropipettes pulled from a P-2000 laser puller (Sutter Instrument) were used for
viral injection. For optogenectics of CA3, 100 nL of AAV9-CaMKII-hChR2(H134R)-EYFP (Penn Vector Core) was injected into the right
hemisphere of CA3 of 4-5 month old wild-type mice at +1.8 mm mediolateral, —1.8 mm anteroposterior and —2.2 mm dorsoventral
relative to bregma. Mice were sacrificed 9-11 days after viral injection for electrophysiological recordings. For optogenetics of
Arc-CreER mice, 200 nL of AAV5-EF1a-DIO-hChR2(E123T/T159C)-EYFP (UNC Vector Core) was injected into each hemisphere
of CAS3 of 4-5 month old Arc-CreER mice at = 1.8 mm mediolateral, —1.8 mm anteroposterior and —2.2 mm dorsoventral relative
to bregma.

Hippocampal slice preparation

Transverse hippocampal slices were prepared from 5-8 week old C57BL/6J male mice from the Jackson Laboratory or 2-5 month
old POMC-Cre/Rosa26-CAG-STOP-floxed-ChR2(H134R)-EYFP, PV-Cre/Rosa26-CAG-STOP-floxed-ChR2(H134R)-EYFP, and
ArcCreER heterozygous mice as described previously (Sun et al., 2014). In brief, animals were anesthetized and killed by decapitation
in accordance with institutional regulations. Hippocampi were dissected out, and transverse slices from the dorsal half of the hippo-
campaus (400 um thickness) were cut on a vibratome (Leica VT1200S, Germany) in ice-cold dissection solution containing (in mM):
10 NaCl, 195 sucrose, 2.5 KClI, 10 glucose, 25 NaHCO3, 1.25 NaH,PO4, 2 Na-Pyruvate, 0.5 CaCl, and 7 MgCl,. The slices were then
incubated at 33°C in ACSF (in mM: 125 NaCl, 2.5 KCl, 20 glucose, 25 NaHCO3, 1.25 NaH,PO,, 2 Na-Pyruvate, 2 CaCl, and 1 MgCly)
for 20-30 min and then kept at room temperature for at least 1.5 hr before transfer to the recording chamber. Cutting and recording
solutions were both saturated with 95% O, and 5% CO, (pH 7.4). All electrophysiological recordings were performed at 31-32°C.

Whole-cell patch clamp recording

Whole-cell recordings were obtained from pyramidal neurons using the “blind” patch clamp technique. Synaptic potentials were
recorded in current clamp mode with the membrane held at —70 to —73 mV with a patch pipette (4 — 6 MQ) containing (in mM):
135 K-Gluconate, 5 KCI, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine (pH 7.2; 280 — 290 mOsm). For
IPSC measurements, a Cs* based intracellular solution was used: 135 Cs-Methanesulfonate, 5 KCI, 0.1 EGTA-Na, 10 HEPES,
2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine (pH 7.2; 280 -290 mOsm). 0.2%-0.5% biocytin was routinely included in the intracellular
solution. EPSCs and IPSCs were measured in voltage-clamp mode with a holding potential of =75 mV or 0 mV, respectively. Series
resistance was monitored throughout each experiment; neurons with a series resistance >25 MQ were excluded from analysis. Extra-
cellular field potentials were recorded with a patch pipette containing 1 M NaCl. Synaptic potentials were evoked by monopolar stim-
ulation with a patch pipette filled with 1 M NaCl and located in stratum lacunosum moleculare of the CA1 region (Figure 5) or in stratum
radiatum of the CA3 region (Figure 6).

Neurons were held at around —72 mV for input-output curves during current clamp recording. Resting membrane potential was
measured immediately upon break-in. The liquid junction potential was not corrected. To measure input resistance, we injected con-
stant current pulses with a duration of 500 ms and amplitude ranging from —40 pA to 30 pA in 10 pA steps. Input resistance was
quantified by linearly fitting the voltage change against injected current. Membrane capacitance was calculated as the membrane
time constant divided by input resistance.

fEPSPs and EPSPs were recorded in the presence of GABA, and GABAg receptor antagonists (1 uM SR 95531 and 2 uM CGP
55845, Tocris) (Figure 5). Field recordings of EPSPs were performed in stratum lacunosum moleculare in different hippocam-
pal areas.

Optogenetics

Channelrhodopsin-2 was activated using 470-nm blue light pulses lasting 2 ms that were delivered via a 40x objective placed above
the slices through an LED light source (Thorlabs) driven by Axograph software. The light intensity was adjusted for each slice. Within
each slice, the same light intensity was used for comparing the responses from pairs of neurons sequentially recorded in the same
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slice (Figures 4 and 7). During voltage-clamp recording, neurons were held at =75 mV for EPSC measurements, whereas PSPs were
measured at —72 mV in current-clamp mode.

Biocytin staining

3,3'-diaminobenzidine tetrahydrochloride (DAB) staining was performed as described previously (Sun et al., 2014). Briefly, after each
recording, slices were fixed at 4°C for at least 24 hours in 4% paraformaldehyde in phosphate buffer (PBS), pH 7.3. After fixation,
slices were incubated in 0.3% hydrogen peroxide and a 10% methanol mix for 40 min. Subsequently, the slices were treated with
PBS containing 2% avidin-biotinylated horseradish peroxidase complex (ABC, Vector Laboratories) and 0.5% Triton for 2 days at
4°C. ABC was removed by several rinses with PBS before development with DAB and 0.005% hydrogen peroxide. Subsequently,
slices were rinsed in PBS several times and processed through increasing concentrations of glycerol, and then embedded in
mounting media (Fluorogel, Electron Microscopy Sciences). Hippocampal pyramidal neurons were then manually reconstructed
and analyzed using Neurolucida.

For streptavidin staining, slices were treated with PBS containing normal goat serum (10%) and 0.5% Triton for 2 hours at room
temperature. Slices were subsequently incubated in PBS containing Streptavidin, Alexa Fluor 594 conjugate (1:500) and 0.1% Triton
for 2 days at 4°C. Subsequently, slices were rinsed in PBS several times and processed through increasing concentrations of glyc-
erol, and then embedded in mounting media (Fluorogel, Electron Microscopy Sciences).

Contextual fear conditioning

The three-shock Contextual fear conditioning (CFC) procedures were performed as described previously (Cazzulino et al., 2016;
Denny et al., 2014). Briefly, mice were placed in the conditioning chamber, received three shocks 180, 240, and 300 s later (2 s,
0.75 mA), and were removed 15 s following the last shock. For context A exposures, CFC training and context exposure were con-
ducted with the conditioning chambers configured exactly as during the CFC training in context A.

Immunohistochemistry

Mice were deeply anesthetized, and brains were processed as previously described (Denny et al., 2014). Briefly, floating sections
were first rinsed three times in 1x PBS and then blocked in 1x PBS with 0.5% Triton X-100 and 10% normal donkey serum for
2 hr at room temperature (RT). Incubation with primary antibodies was performed at 4°C overnight (chicken anti-GFP 1:500, Abcam,
Cambridge, MA, ab13970; rabbit anti-c-fos, 1:2000 or 1:5000, Calbiochem, Darmstadt, Germany; rabbit anti-Parvalbumin, 1:1000,
Abcam, Cambridge, MA, ab11427) in 1 x PBS with 0.5% Triton X-100. Sections were then washed three times in 1x PBS and incu-
bated with secondary antibodies (donkey anti-rabbit Cy3; biotinylated donkey anti-chicken; 1:500, Jackson ImmunoResearch, West
Grove, PA) for 2 hr at RT. Sections were then washed three times in 1x PBS and incubated with a tertiary antibody (avidin-Cy2, 1:250,
Jackson ImmunoResearch, West Grove, PA) for 1 hr at RT. Sections were washed three times in 1X PBS, mounted on slides, and
coverslipped with ProLong Gold (Invitrogen).

Confocal microscopy

Images were acquired with a Zeiss LSM 700 confocal microscope using a 20 X objective. Individual tiled images including the CA3
pyramidal layer of the entire transverse axis were acquired at a z stack with a 1.5 -2 um interval. The CAS transverse pyramidal layer
from each section was equally divided into a, b, and ¢ subregions for cell quantification. EYFP* and c-fos* cells were counted bilat-
erally for 5-8 sections per animal from the dorsal hippocampus using Imaged. To calculate the percent of reactivated cells, we
counted the total number of EYFP™ or c-fos* cells, and the number of c-fos™ cells that were colabeled with EYFP* from each animal.
The percent of reactivated cells is calculated as ((EYFP*/c-fos*)/c-fos*) X 100% or ((EYFP*/c-fos*)/EYFP*) X 100%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism 7 was used for all statistical analyses. Results were expressed as mean + SEM p < 0.05 is considered statistically
significant. Statistical tests were performed using paired Student’s t test on data shown in Figures 2F and 2J,H, Figure 3K, Figure 4,
Figures 7C and 7D, and Figure S5B,D. Statistical tests were performed using one-way or two-way ANOVA followed by Tukey’s mul-
tiple comparisons on data shown in Figure 1, Figures 2C and 2L, Figure 5, Figure 6, Figure 7F, Figure 8, Figure 9, Figure S1, Figure S3,
and Figure S5G. The numbers (n) of animals or neurons in figures have been listed in the Figure Legends. Specifically, “n” refers to the
number of mice that underwent CFC and behavioral testing in Figures 91-9L; “n” refers to the number of slices from which data were
obtained in Figure 5B; in all other figures, “n” refers to the number of neurons from which whole-cell recordings or morphological
reconstructions were performed.
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