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The Dendrites of CA2 and CA1 Pyramidal Neurons
Differentially Regulate Information Flow in the
Cortico-Hippocampal Circuit
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The impact of a given neuronal pathway depends on the number of synapses it makes with its postsynaptic target, the strength of each
individual synapse, and the integrative properties of the postsynaptic dendrites. Here we explore the cellular and synaptic mechanisms
responsible for the differential excitatory drive from the entorhinal cortical pathway onto mouse CA2 compared with CA1 pyramidal
neurons (PNs). Although both types of neurons receive direct input from entorhinal cortex onto their distal dendrites, these inputs
produce a 5- to 6-fold larger EPSP at the soma of CA2 compared with CA1 PNs, which is sufficient to drive action potential output from
CA2 but not CAl. Experimental and computational approaches reveal that dendritic propagation is more efficient in CA2 than CAl asa
result of differences in dendritic morphology and dendritic expression of the hyperpolarization-activated cation current (I, ). Further-
more, there are three times as many cortical inputs onto CA2 compared with CA1 PN distal dendrites. Using a computational model, we
demonstrate that the differences in dendritic properties of CA2 compared with CA1 PNs are necessary to enable the CA2 PNs to generate
their characteristically large EPSPs in response to their cortical inputs; in contrast, CA1 dendritic properties limit the size of the EPSPs
they generate, even to a similar number of cortical inputs. Thus, the matching of dendritic integrative properties with the density of
innervation is crucial for the differential processing of information from the direct cortical inputs by CA2 compared with CA1 PNs.
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Recent discoveries have shown that the long-neglected hippocampal CA2 region has distinct synaptic properties and plays a
prominent role in social memory and schizophrenia. This study addresses the puzzling finding that the direct entorhinal cortical
inputs to hippocampus, which target the very distal pyramidal neuron dendrites, provide an unusually strong excitatory drive at
the soma of CA2 pyramidal neurons, with EPSPs that are 5- 6 times larger than those in CA1 pyramidal neurons. We here elucidate
synaptic and dendritic mechanisms that account quantitatively for the marked difference in EPSP size. Our findings further
demonstrate the general importance of fine-tuning the integrative properties of neuronal dendrites to their density of synaptic

innervation. /
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(EC) target PN distal dendrites in stratum lacunosum moleculare
(SLM) (Witter et al., 2014).

Much is now known about the function and behavioral roles
of the PN in the hippocampal CA3 and CAL1 subregions (Witter
et al., 2014). However, far less is known about the properties of
the PNs in the hippocampal CA2 subregion, which was recently
found to play a critical role in social memory storage (Hitti and
Siegelbaum, 2014; Stevenson and Caldwell, 2014; Smith et al,,
2016), aggression (Pagani et al., 2015), spatial encoding (Mankin
etal., 2015; Kay et al., 2016) and novelty detection (Alexander et
al.,, 2016).

Although the PNs of all three CA fields share a common den-
dritic distribution of distal cortical and proximal hippocampal
inputs, the efficacy of these inputs is strikingly different. Thus, in
both CA1 and CA3, the direct EC inputs provide only weak ex-
citatory drive at the PN soma, in contrast to the much stronger
excitation from the intrahippocampal input (Yeckel and Berger,
1995; Chevaleyre and Siegelbaum, 2010). As a result, the EC in-
puts primarily act to modulate excitation of CA1 PNs by their
Schaffer collateral (SC) inputs from CA3 PNs (Magee, 2000;
Spruston, 2008), promoting burst firing (Bittner et al., 2015) and
the induction of heterosynaptic plasticity that enhances SC exci-
tation (Dudman et al., 2007; Basu et al., 2013) and improves the
specificity of contextual memory (Basu et al., 2016).

In contrast, the direct EC inputs to CA2 generate surprisingly
powerful EPSPs at the CA2 PN soma that are 5- to 6-fold larger
than EPSPs in CA1 PNs (Chevaleyre and Siegelbaum, 2010).
With strong EC stimulation, the CA2 distal EPSP is further am-
plified by the firing of dendritic Na™ spikes, which propagate
efficiently to the CA2 PN soma to trigger action potential output
(Sun et al.,, 2014). Although distal dendritic spikes can also be
triggered in CA1 PNs (Gasparini et al., 2004; Golding et al., 2005),
these spikes are greatly attenuated by CA1 dendrites and nor-
mally fail to trigger a spike output (Sun et al., 2014). Sun et al.
(2014) determined that differences in the architecture of den-
dritic branching play an important role in enhancing dendritic
spike amplitude at the CA2 compared with CA1 soma.

Here we focus on the mechanisms responsible for the 5- to
6-fold difference in the subthreshold somatic EPSP evoked by
cortical inputs in CA1 versus CA2 PNs. We explored this ques-
tion using a multidisciplinary approach of whole-cell somatic
and dendritic patch-clamp recordings, two-photon glutamate
uncaging at single spines, serial section postembedding immuno-
gold electron microscopy, and morphologically realistic multi-
compartmental neuronal simulations. Our results reveal that the
larger cortical EPSP in CA2 compared with CA1 PNs results from
three factors: (1) a decreased level in CA2 of dendritic expression
of the hyperpolarization-activated cation current, I, (2) an in-
creased number of EC inputs to the CA2 distal dendrites, and (3)
differences in dendritic morphology. We further show that the
appropriate matching of dendritic integrative properties to the
number of synaptic inputs is critically important in enabling
the CA2 PNs to respond to their larger number of distal inputs. In
this manner, CA2 PNs are able to participate in an efficient di-
synaptic circuit in which strong excitation by the EC inputs trig-
gers CA2 output to excite its downstream CAl target.

Materials and Methods

Hippocampal slice preparation. Transverse hippocampal slices were pre-
pared from 5- to 6-week-old C57BL6 male mice. All experiments were
performed on slices taken from dorsal hippocampus. We obtained 5
slices starting at the extreme dorsal end, and performed recordings on all
but the most dorsal slice. In brief, mice were deeply anesthetized with
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isoflurane and killed by decapitation in accordance with institutional
regulations. Hippocampi were removed by dissection and transverse
slices (400 wm thick) were cut on a vibratome (Leica VT1200S or Leica
VT1000) in ice-cold dissection solution containing the following (in
muM): 10 NaCl, 1.25 NaH,PO,, 2.5 KCl, 26 NaHCO;, 10 glucose, 0.5
CaCl,, 7 MgCl,, 190 sucrose, and 2 Na-pyruvate. The slices were then
transferred to 30°C ACSF (in mm) as follows: 125 NaCl, 2.5 KCl, 10
glucose, 26 NaHCO;, 1.25 NaH,PO,, 2 Na-pyruvate, 2 CaCl,, and 1
MgCl, for 30 min and then kept at room temperature for at least 1.5 h
before transfer to the recording chamber. Dissection and ACSF were
both saturated with 95% O, and 5% CO,, pH 7.4.

Electrophysiology and recordings solutions. The recording ACSF had the
following composition (mm): 125 NaCl, 1.25 NaH,PO,, 2.5 KCI, 26
NaHCO;, 10 glucose, 2 CaCl,, and 1 MgCl,. Patch-clamp whole-cell
recordings were obtained in current-clamp mode from CAl and CA2
PNs in submerged slices at 33°C-35°C. Neurons were held at —70 mV
with a patch pipette (3-5 M{)) containing the following (in mm): 135
KMeS0,, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10
phosphocreatine, pH 7.2 (290-300 mOsm). For imaging experiments,
AlexaFluor-594 (25 um) dye was included in the intracellular solution.
Series resistance (typically 15-25 M{}) was monitored throughout each
experiment. Neurons with more than a 15% change in series resistance
were excluded from analysis. Capacitance was fully compensated
throughout the experiment. Fluorescent indicators (Alexa-594 cadaver-
ine) were purchased from Invitrogen, diluted into 100X stock solution
using standard intracellular solution, aliquoted, and frozen (20°C). In all
experiments, inhibitory transmission was blocked by the GABA, and
GABA|; receptor antagonists SR 95531 (2 um) and CGP 55845 (1 um),
respectively. Pharmacological antagonists were added to the bath solu-
tion by dilution from stock solutions. All drugs were obtained from
either Sigma or Tocris Bioscience.

Electrophysiological data acquisition and analysis. Recordings were ob-
tained using a two-channel Multiclamp 700B amplifier (Molecular De-
vices). Data were digitized on a Windows PC using an ITC-18 A/D board
(Instrutech Instruments) controlled by either pClamp 9 software (Axon)
or Axograph (Wavemetrics). All current-clamp data were acquired at 20
kHz and low-pass filtered at 4 kHz using the Multiclamp 700B Bessel
filter. Analysis was performed using custom routines written in Igor Pro
and MATLAB. Statistical tests were performed using Excel (Microsoft)
and Prism (GraphPad). Statistical comparisons were performed using
Student’s  test. Results are expressed as mean *+ SEM.

CA2 and CA1 PN reconstructions. Neurons were filled with biocytin
(1%) using a patch pipette, and the biocytin was allowed to diffuse for
>15 min. The slices were fixed and kept overnight in 4% PFA in 0.1 m
phosphate buffer at 4°C. The slices were then rinsed five times for 5 min
in 0.1 M phosphate buffer, kept in 1% hydrogen peroxide in 0.1 M phos-
phate buffer for 30 min, and then rinsed three times in 0.02 M potassium
phosphate saline (KPBS) for 30 min. Slices were kept overnight on the
shaker in avidin-biotin-peroxidase complex solution and rinsed three
times in 0.02 M KPBS for 30 min. Each slice was then placed in DAB (0.7
mg/ml 3,3"-diaminobenzidine, hydrogen peroxide, 0.06 M Tris buffer in
0.02 M KPBS) until the slice turned light brown and then transferred to
0.02 M KPBS. Slices were transferred again to fresh 0.02 m KPBS. Finally,
the stained slices were rinsed in 0.02 M KPBS for 30 min on a shaker. Each
slice was observed under a light microscope and then mounted onto a
slide using crystal mount (Fino and Yuste, 2011).

Neurons with robust staining of the dendritic tree were reconstructed
using Neurolucida software (MicroBrightField). The neurons were
viewed with a 63X oil objective on a Zeiss upright light microscope. The
neuron’s processes were traced manually while the program recorded the
coordinates of the tracing to create a digital 3D reconstruction. Whole-
cell reconstructions included the soma and dendritic shafts, but not den-
dritic spines.

Spine densities were calculated as the number of spines divided by the
length of the segment using a 100X objective. Dendritic segments having
a dark stain with clearly visible spines, including no branch points and
planar along the horizontal axis were chosen for spine density calcula-
tions. Because spine density varies with location (Megias et al., 2001), we
determined spine densities from different regions of dendritic branch
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segments of the CA2 and CA1 PNs, namely, SLM thin and medium
diameter branches, SR thin branches, SR thick distal and proximal
branches, and SO. To account for spines obscured from view by the
dendritic shaft, spine densities were corrected using the geometric equa-
tion derived in Feldman and Peters (1979) as follows:

_ Dr+ Sd
o= by
na[(Dr + SI)* — (Dr + Sd)?]
[67/90 = (Dr + S1)*] — 2[(Dr + SI)sin®(Dr + Sd)]

where N is the estimated spine density, # is the raw spine density, before
accounting for hidden spines, Dr is the radius of dendrite, S! is the aver-
age length of spines (0.7 um), and Sd is the average diameter of spine
head (0.35 wm).

Immunohistochemistry. Animals were perfused with ice-cold 1X PBS
followed by 4% PFA in 1X PBS; 40 um coronal slices were cut with a
vibratome, and permeabilized in PBS + 0.1% Triton, followed by incu-
bation in blocking solution (1X PBS + 3% normal goat serum). Primary
antibody incubation was performed in blocking solution overnight at
4°C. Antibodies used were as follows: rat monoclonal anti-HCN1 (clone
RQT 7C3, EMD Millipore); mouse monoclonal anti-HCN2 (clone N71/
37, NeuroMab); and rabbit polyclonal anti-PCP4 (HPA005792, Sigma).
Secondary antibodies were as follows: goat anti-rat Alexa-647 pread-
sorbed (ab150167, Abcam); goat anti-mouse IgG1l Alexa-488 (Invitro-
gen); and goat anti-rabbit Alexa-488 and goat anti-rabbit Alexa-546
(Invitrogen). Fluorescence imaging was performed on a laser scanning
confocal microscope (Zeiss LSM 700). All images were analyzed using
Image] software and data plotted in Microsoft Excel.

TRIP8b knock-out mouse. TRIP8b knock-out mice were generated
through the National Institutes of Health KOMP mutagenesis project.
Details of the targeting strategy can be found at www.komp.org (project
ID CSD83859; allele Pex5]™!12(EVCOMMWSI, 0GTy knock-out first, pro-
moter driven, with loxP sites flanking exon 8 of the Pex5l mouse gene). In
the MGI database, the mouse gene encoding TRIP8b is named Pex5l.
Homologous recombination was performed in ES cell line KV1 (129B6
hybrid). Heterozygous Pex5]'™!/(EVCOMMIWE ice were crossed to
germline Flp-expressing mice (Tg(ACTFLPe)9205Dym/], The Jackson
Laboratory stock #005703), resulting in deletion of the frt-flanked
lacZ-neo cassette in the offspring mice, and thus in a conditional Pex511°%*
allele. Heterozygous Pex511¥* mice were then crossed to germline Cre-
expressing mice (Tg(CMV-cre)1Cgn/J, The Jackson Laboratory stock
#06054) to obtain a TRIP8b knock-out allele (Pex51*/ 7). Deletion of
exon 8 leads to a frameshift mutation in the coding sequence with the
formation of an unstable TRIP8b protein. A similar strategy was used to
obtain a previously published TRIP8b knock-outline (Lewis etal., 2011),
which carries a deletion of exon 6 and exon 7, resulting in a frameshift
mutation and an unstable TRIP8b protein. Pex51 ™/~ mice were back-
crossed to wild-type C57BL/6] mice for 3 generations (N3), before het-
erozygote breedings were set up to obtain the TRIP8b~/~ (knock-out)
and TRIP8b™/* (wild-type) littermates used in the present study. To
produce the data represented in Figure 3B, three wild-type/homozygous
TRIP8b-knock-out littermate animal pairs were used (# = 3 per geno-
type). Only wild-type animals were used for Figure 3A (n = 3).

Computer model of reconstructed neurons. Three-dimensional whole
CA1 and CA2 PN reconstructions, including measured dendritic di-
ameters and lengths, were imported into the NEURON simulation en-
vironment (Hines and Carnevale, 1997). The CAl and CA2 models
incorporated identical standard values for passive membrane properties
(R,, = 40,000 0-cm?, C,=1 wF/cm?, R; = 150 Q-cm) (Harnett et al.,
2012).

To account for the extra surface area due to spines, in each dendritic
segment R, was divided by and C,, multiplied by a “spinescale” param-
eter (Stuart and Spruston, 1998; Golding et al., 2005; Routh et al., 2009).
The spinescale parameters were calculated using corrected spine densi-
ties, dendritic diameters, and previously reported spine surface area mea-
surements (Harris and Stevens, 1989). Spinescale was defined as the ratio

Srinivas et al. @ Dendritic Properties of CA2 Pyramidal Neurons

of the total surface area, including spines, to the surface area without
spines, according to the following equation:

. SAshate T SAgpine wd + NA
SpineScale = =

SAshafe 7d

where SA, .« is the surface area of dendritic shaft for a 1-um-long seg-
ment, SAg,; is the surface area contributed by spines in a 1-um-long
segment, d is the average diameter of dendritic shaft, N is the estimated
spine density from the Feldman and Peters (1979) equation, and A is the
average surface area of an individual spine.

The average surface area of an individual spine was set to 0.85 um 2
which is the sum of the head and neck surface areas reported for rats by
Harris and Stevens (1989). Spinescale values for each dendritic region
ranged from 1.0 (for regions with no spines) to 2.75 (in locations with
thin dendrites and many spines). After applying the spinescale, the R
value of the model closely matched our experimentally determined R
values for both CA1 and CA2 PNs.

The only active conductance included in the model was the I, conduc-
tance (Gy,). The voltage-dependent kinetics incorporated in the model
were similar to ones previously reported (Magee, 1998). The reversal
potential was set to —25 mV (Magee, 1998). I;, dendritic distribution was
consistent with the available experimental data on CA1 neurons (Magee,
1998; Poolos et al., 2002) and from our immunohistochemistry results
from mouse CA1 PNs (see Fig. 3). For CA1 PNs, G, was implemented as
alinear density gradient increasing 7.0-fold as a function of distance from
the soma, reaching a maximal value at distances >350 um from the
soma, as previously described (Magee, 1998). For CA2 PNs, we used a
constant uniform value of Gy, consistent with our immunohistochemis-
try results (see Fig. 3). Furthermore, simulation results in which I, was
distributed uniformly or in a somatodendritic gradient support the view
that I,, is uniformly expressed in CA2 dendrites (see Results). Conduc-
tance values were adjusted to match the measured voltage sag recorded in
the CA2 and CA1l PN soma. Derived values of G, at the soma were
0.000063 S/cm? for CA1 and 0.000012 S/cm? for CA2. The ratio for K*
and Na™ leak currents in each compartment was adjusted to attain a
uniform resting membrane potential of —70 mV. For all I;, channels
located in the dendritic compartments >100 wm away from the soma,
was determined as follows:

input

input

I, = gu(V + 25)

8max

V+ 73)

& =
1+exp( 8

where V is in mV. The mid-point of activation (—73 mV) was shifted by
8 mV in the depolarizing direction from the value at soma, based on
dendritic recordings made in hippocampal CA1 PNs (Magee, 1998).

Excitatory synapses. Excitatory synapses were distributed randomly on
the distal dendritic arbor (>350 wm from the soma) of the reconstructed
neuron. Each excitatory synaptic conductance was modeled using two
exponential function (7, of 0.1 ms and 74, of 1.5 ms), with a reversal
potential of 0 mV, and a conductance of 0.0001 uS.

Modeling spines. In some simulations, an additional passive compart-
ment consisting of a spine head (0.25 wm radius) with a neck (500 m()
was attached randomly onto distal branches in the neuron models. An
excitatory synapse with a fixed conductance value (0.002 u.S) was used to
evoke an EPSP in spine head compartment in all simulations.

Modeling AMPA and NMDAR conductances at spines. The AMPA com-
ponent was modeled as a conductance with a rising time constant of 0.5
ms and a single decay time constant of 3 ms. The NMDA component was
modeled with a single exponential rising phase with a time constant of 7
ms and a double exponential decaying phase with time constants of 200
and 2000 ms, contributing 80% and 20% to the total decay amplitude,
respectively. The voltage dependence of the NMDA receptor channels
was modeled using below equations (Spruston et al., 1995). NMDA/
AMPA ratio was adjusted to 2.5 for CA2 PNs and 5.75 for CA1 PNs at
spine head to obtain 20% increase in somatic EPSP size as follows:
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Io

M2+
1+[ gl

Ko

exp(—8zFV/RT)

g=g T (&—g)/1+e )

where I, is the current in Mg>" free solution, K, is the IC5, at 0 mV, v is
the electrical distance of the Mg?" binding site from the outside of
the membrane, z is the valency of Mg>*, F is the Faraday constant, R
is the gas constant, T is absolute temperature, g is the conductance, g, is
the lowest conductance (at very negative potentials) and g, is the highest
conductance (at very positive potentials). Finally, I, = g(V — V,.,),
where Vis the membrane potential and V., is the reversal potential of the
current.

Two-photon uncaging and imaging. Combined 2-photon uncaging of
MNI-glutamate and 2-photon imaging was performed using a Prairie
Technologies Ultima two-photon microscope. MNI-glutamate was in-
cluded in the bath at 5 mm and glutamate uncaged using 500 us pulses of
725 nm light (except where noted). AlexaFluor-594 was excited at 820
nm to visually identify spines. Spines on secondary and tertiary apical
dendrites within 100 wm (proximal sites) and >350 um (distal) of the
soma were selected. In these experiments, test pulses were first delivered
around the perimeter of the spine to determine the optimal site of un-
caging. The power of the uncaging pulse was then set to bleach ~40% of
the AlexaFluor-594 in the spine to achieve a uniform illumination inten-
sity at the spine in different preparations (Bloodgood and Sabatini,
2007). With these laser settings, the uncaging EPSP (uEPSP) recorded at
the soma was ~1 mV when glutamate was uncaged at proximal dendritic
locations in SR. We used similar laser power to uncage glutamate at distal
spines in SLM. Each spine was photostimulated 4 or 5 times (interstimu-
lus interval >15 s) and the uEPSPs were averaged. Epifluorescent signals
were collected through a 60X 1.1 NA objective (Olympus) and measured
by GaAsP detectors (Hamamatsu). Optical signals were analyzed offline
in Image]J or Igor Pro (Wavemetrics).

Serial section postembedding immunogold electron microscopy. As de-
scribed previously (Hitti and Siegelbaum, 2014), a Cre-dependent
adeno-associated virus-expressing GFP was injected under stereotactic
control into the CA2 region of adult Amigo2-Cre mice (n = 3), thereby
limiting GFP expression to CA2 PNs. Two to 3 weeks later, mice were
perfused transcardially with ice-cold 4% PFA/0.5% glutaraldehyde in
0.12 PBS. The hippocampus was then dissected, and hippocampal re-
gions CA1 and CA2 were separately excised, cut into small rectangular
slivers, and viewed with a fluorescence microscope. Slices for electron
microscopy were obtained from dorsal hippocampus. GFP expression
was confirmed visually in CA2 and confirmed to be absent in CAl. A
micrograph was obtained of each sliver to aid with orientation following
polymerization because the fluorescence emission of GFP is quenched
during processing for freeze-substitution. The protein itself, however, is
aldehyde-fixed, which allowed us to tag it with anti-GFP antibodies and
immunogold particles. CA1 and CA2 slivers were then processed for
freeze-substitution using a Leica EM CPC (Leica Microsystems) and AFS
freeze-substitution system (Leica Microsystems), with Lowicryl HM20
(Electron Microscopy Sciences) as the polymer as described previously
(Ganeshina et al., 2004; Neuman et al., 2015).

Following polymerization, slivers were trimmed for serial section elec-
tron microscopy. Using a Leica UC6 ultramicrotome, 25—45 serial sec-
tions were mounted on carbon/formvar-coated nickel slot grids (at 63
nm) and then prepared for postembedding immunogold labeling as de-
scribed previously (Ganeshina et al., 2004; Neuman et al., 2015). Grids
containing ribbons from CA2 or CAl were immunostained in paired
cohorts, using a mixture against the GluA family of glutamate receptors
from Millipore, comprised of anti-GluA1 (AB1504; 3 ug/ml), antiGluA2
(AB1768; 1.5 ug/ml), anti-GluA2/3 (AB1506; 3 pug/ml), and anti-GluA4
(AB1508; 3 ng /ml) and a goat anti-GFP antibody (1:100; #600-101-215;
Rockland). Following incubation and rinsing, grids were then incubated
in a mixture of goat anti-rabbit (10 nm) and rabbit anti-goat (25 nm)
immunogold particles (Ted Pella) diluted 1:50 in buffer. Systematic ran-
domly located fields of SLM in CA2 and CA1 were then obtained using a
JEOL 1200EX transmission electron microscope (JEOL) at 7X, 500X
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magnification. Analyses are based on 143 CA1 axospinous synapses and
301 GFP-positive CA2 axospinous synapses, all of which were three-
dimensionally reconstructed. To be considered GFP-positive, at least two
25 nm immunogold particles needed to be present within the spine head.
Spine volumes and postsynaptic density (PSD) area measurements were
performed as described previously (Nicholson and Geinisman, 2009).

Results

Distal synaptic inputs provide stronger excitation of CA2
versus CA1 PNs

We evaluated the mechanisms by which synaptic drive from EC
inputs produces a much larger somatic EPSP in CA2 compared with
CA1 PNs by performing whole-cell somatic patch-clamp recordings
in acute hippocampal slices (Chevaleyre and Siegelbaum, 2010; Sun
et al., 2014). Neurons were filled with AlexaFluor-594 (25 um) and
imaged with two-photon laser-scanning microscopy for morpho-
logical identification (Fig. 1A). The identity of CA2 PNs was con-
firmed by their location along the transverse axis of the slice, which
matches well with the identification based on molecular markers
(Hitti and Siegelbaum, 2014), and distinct intrinsic electrophysio-
logical properties (Chevaleyre and Siegelbaum, 2010; Sun et al.,
2014). Thus, compared with CA1 PNs, CA2 PN fired action poten-
tials after a longer delay had a lower input resistance and a smaller
depolarizing sag during a hyperpolarizing current step, which is
caused by the activation of the hyperpolarization-activated cation
current, I, (Fig. 1B; Table 1).

Next, we confirmed previously reported differences in the
magnitude of EPSPs recorded in CA2 and CA1 PNsin response to
stimulation of their EC and SC inputs. As strong synaptic stimu-
lation can elicit dendritic spikes and somatic action potentials, we
restricted the stimulus strength to elicit subthreshold EPSPs. In
addition, GABA, and GABAj receptors were blocked with SR
95531/CGP 55845 in all experiments to focus on EPSPs. As pre-
viously reported (Chevaleyre and Siegelbaum, 2010), stimulation
of the EC inputs through an electrode placed in the distal apical
dendritic region of SLM evoked EPSPs that were 5- to 6-fold
larger in somatic recordings from CA2 compared with CA1 PNs
(cells were current clamped to an initial holding potential of —70
mV). In contrast, stimulation of the SC inputs with an electrode
in the proximal apical dendritic region of SR evoked a larger EPSP
in CA1 compared with CA2 PNs (Fig. 1).

As the typical CA2 PN resting potential (—75 mV) is ~6 mV
more negative than that of CA1 PNs (Table 1), we also evaluated
the CA2 and CA1 EPSPs at the normal resting potentials. The
EPSP measured at the normal CA2 PN resting potential (8.6 =
0.5 mV) was ~10% larger than the CA2 EPSP measured at —70
mV (7.9 = 0.45mV;n = 6,p < 0.01, paired  test), consistent with
the difference in EPSP driving force (Fig. 1E). In contrast, there
was no statistically significant difference in EPSP size measured at
the resting potential of CA1 PNs (—68.5 mV) compared that
measured at =70 mV (1.36 = 0.04 mV vs 1.39 = 0.05mV; n = 6,
p > 0.05, paired ¢ test) (Fig. 1F). Thus, differences in resting
potential slightly enhance the difference in distally evoked EPSP
amplitudes in CA2 compared with CA1 PNs.

Differential responses of CA2 versus CA1 PNs to glutamate
uncaging on proximal and distal spines

The difference in somatic EPSP size evoked by stimulation of the EC
inputs in CA2 compared with CA1 PNs could reflect a difference in
the size of the EPSP elicited by a single synapse onto a given dendritic
spine and/or differences in the total number of EC inputs. To assess
the impact of a synaptic response generated at a single distal spine, we
performed two-photon glutamate-uncaging at single spines and



3280 - J. Neurosci., March 22, 2017 - 37(12):3276 —3293

C
20+
< 154 100m
> 100 ms | =
cl 1.2
7 0] "
& 100_ms
=
£ 51 — CA2
s — CAl
[aW)
0 T 1
0 20 40 60 80
Stimulus Strength (WA)
E
12 1
CA2
5
g/ | .\.
%
2 91 E
/M *
E ] 7
a | .\.
6 T T

-70 mV

Figure1.

CAl

Srinivas et al. @ Dendritic Properties of CA2 Pyramidal Neurons

B

CA2
-70 mV

- 600pA |— >

| g

S

ol G

CAl 200 ms
-70 mV

300 pA

15+

Distal EPSP (mV)
9]

0 0 100 150
Stimulus Strength (LA)

F
CAl

1.8
&
E
Z .:?,’__—;!
1.4
2 o—— ¢
a o o———— ¢

1 T

RMP -70 mV

Differential synaptic drive onto CA2 versus CA1 PNs. A, Two-photon images of CA2 and CA1 PNs filled with Alexa-594 during whole-cell recordings. B, Voltage responses of CA2 and CA1

PNs to 1000 ms depolarizing and hyperpolarizing current steps. €, D, Mean EPSP input— output curves in CA1 and CA2 PNs obtained during electrical stimulation with electrode placed in proximal
(€) and distal (D) regions of the slice to stimulate Schaffer collateral and ECinputs, respectively. £, F, Individual and mean distal EPSP amplitudes measured in response to a 70 wA stimulus at the
resting membrane potential (RMP) and with the membrane initially held at —70 mV from CA2 and CA1 PN, respectively. Inset, Representative excitatory synaptic voltage responses. Orange
represents CA2 PN. Black represents CAT PN. GABA receptors were blocked using SR 95531/CGP 55845 during all experiments. Error bars indicate = SEM. *p << 0.01.

measured the uEPSPs at the soma (Fig. 2). Neurons were filled
through the patch pipette with AlexaFluor-594 (25 um) and im-
aged with two-photon laser scanning microscopy to visualize cel-
lular morphology and identify spines in the proximal (~100 wm
from soma) and distal (~350 — 400 wm from soma) dendrites.
To ensure a constant delivery of uncaging laser power at individ-

ual spines, we followed a procedure (Bloodgood and Sabatini,
2007) in which the laser intensity was adjusted in each experiment so
thata 500 ws light pulse directed to the spine head bleached ~40% of
the red fluorescence (which fully recovered within a few hundred
milliseconds). The uncaging light spot was then systematically varied
around the periphery of a neighboring spine (in the same focal
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Table 1. Passive membrane properties and sag amplitudes of CA2 and CA1 PNs*

RMP (mV) Capacitance (pF)  InputR (m€2) Sag amplitude (mV)
CA2PNs  —755+16 3105 * 26.6 855166  39*06
CA1PNs  —68.5 = 1.4* 1675 £17.6" 1165 £ 15.6* 8.9 = 0.7**
n=28.

*p < 0.001; **p << 0.0001; CA2, versus CA1 comparison (unpaired t test).

plane) to determine the location that produced the maximal uEPSP
measured at the soma. Only spines that were clearly resolvable at the
light microscopic level were chosen for these experiments, primarily
stubby and mushroom-shaped spines.

We first measured the somatic uEPSP evoked by glutamate
uncaging at spines in the proximal (SR) region of CA1 or CA2
apical dendrites, ~100 um from the soma. For CA1 PNs, we
imaged spines on oblique dendrites in SR; and for CA2, we ex-
amined spines on the secondary dendrites within SR at a similar
distance from the soma, past the initial branch point. There was no
significant difference in the somatic uEPSP amplitude in response to
glutamate uncaging at spines located in the proximal regions of CA1
or CA2 dendrites within SR (Fig. 2A, B,E). Thus, the uEPSP ampli-
tude at the soma for CA2 spines was 1.03 = 0.1 mV compared with
1.1 = 0.12 mV for CAl spines (n = 15, p > 0.05).

In contrast, when we performed glutamate uncaging onto dis-
tal spines in SLM (Fig. 2C,D, F), we found that the uEPSP was
nearly 2.0-fold larger at the soma of CA2 versus CA1 PNs (Fig.
2C,D,F). As spine responses generally scale with spine size, we
grouped spines into two categories, small spines (<0.5 pum
apparent diameter) and large spines (>0.5 wm in apparent
diameter), using an estimate of spine diameter obtained from
AlexaFluor-594 fluorescence images (Fig. 2C). With small-
diameter spines, the distally evoked uEPSP measured at the soma
in CA2 PNs was 0.28 = 0.04 mV, whereas the response in CA1l
was approximately half the size (0.16 * 0.03 mV; n = 30; p <
0.001) (Fig. 2D, G). The mean amplitude of the uEPSP in response
to glutamate uncaging at large spines was also nearly 2.0-fold larger
for CA2 (0.55 = 0.03 mV) versus CA1 (0.29 = 0.02 mV) PNs (n =
30; p < 0.001). In addition, the responses at large spines were ~2.0-
fold larger than the responses at small spines, for both CA1 and CA2
PNs (Fig. 2 D, G). Interestingly, we found a higher percentage of large
spines in distal dendrites of CA2 (53 = 2.4%) compared with CAl
(33 = 3%) PNs (n = 6; p < 0.001), which may further contribute to
the overall difference in EPSP size.

Role of I, in differential responses of CA2 versus CA1 PNs to
glutamate uncaging on distal spines

What are the mechanisms responsible for the nearly twofold dif-
ference in uEPSP size in CA2 compared with CA1 PN generated
by activation of single spines? We first evaluated the potential
contribution of the hyperpolarization-activated cation current
I,,, which is strongly expressed in the apical dendrites of CA1 PN,
where it acts as a depolarizing shunt conductance to constrain
the amplitude of the distally evoked EPSC input (Magee, 1998,
1999; Nolan et al., 2004; George et al., 2009). In CA1 PN,
approximately two-thirds of the total I,, is generated by HCN1
subunits, with the remainder generated by HCN2 subunits
(Ludwig et al., 2003; Nolan et al., 2004). Both HCN subunits
are strongly expressed in CA1 apical dendrites in a striking
gradient of increasing expression with increasing distance
from the soma (see also Santoro et al., 1997; Lorincz et al.,
2002; Notomi and Shigemoto, 2004) (Fig. 3). The potential
role of I, in regulating dendritic integration in CA2 PNs has
not been previously addressed.
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We first assessed the potential role of differential I, levels by
examining HCN1/HCN2 subunit expression in CA2 compared
with CAl using immunohistochemistry. Immunolabeling with
HCNI- and HCN2-specific monoclonal antibodies revealed that
both subunits are highly enriched in the SLM region of CA1 but
are expressed at much lower levels in SLM of CA2 (Fig. 3). In the
more proximal somatodendritic compartment, including in SR,
HCN2 is expressed at approximately similar levels in CA1 and
CA2. However, in contrast to the striking increase in HCN2 ex-
pression in SLM of CA1, HCN2 is expressed relatively uniformly
throughout the radial axis of CA2 (Fig. 3A). Although HCN1
does show a slight enrichment in SLM of CA2 (Fig. 3B), we hy-
pothesized that this signal most likely reflects the known presyn-
aptic expression of HCN1 in the axons and presynaptic terminals
of the entorhinal cortex inputs to CA2, which run through SLM
(Huang et al., 2012; Wilkars et al., 2012). A perforant path origin
of the HCN1 signal in SLM of CA2 is consistent with the similar
pattern of enriched HCNT1 signal in SLM of CA3 and the molec-
ular layer of DG (Fig. 3B), two regions that contain dense per-
forant path projections but whose principal neuron soma express
little or no HCN1 mRNA (Santoro et al., 2000).

To more specifically address this hypothesis, we took advan-
tage of a mouse line in which the HCN1 and HCN2 auxiliary
subunit TRIP8b (Santoro et al., 2004, 2009; Zolles et al., 2009) is
deleted. Previous studies found that TRIP8b is necessary for den-
dritic (Lewis et al., 2011; Piskorowski et al., 2011) but not axonal
or presynaptic (Huang et al., 2012) expression of HCNI. Thus,
deletion of TRIP8b strongly impairs somatodendritic expression
of HCNI1 but leaves presynaptic expression of HCN1 intact. By
comparing the residual HCN1 labeling in TRIP8b KO mice with
the HCNI1 labeling in wild-type mice, it is therefore possible
to obtain an estimate for dendritic HCN1 expression. As seen in
Figure 3B, HCNI1 labeling in CA2 SLM is similar in wild-type and
TRIP8b knock-out animals, supporting the hypothesis that this
signal represents presynaptic labeling of perforant path axons.
This is in striking contrast to the dramatic decrease in HCN1
labeling in CA1 SLM of the TRIP8b KO mice, which supports the
electrophysiological (Magee, 1998) and electron microscopic
(Lorincz et al., 2002) findings that HCN1 is highly enriched in
CALl PN distal dendrites. Finally, as HCN1 and HCN2 assemble
efficiently into heteromultimers (Chen et al., 2001), our finding
that HCN2 is expressed uniformly throughout the CA2 region in
wild-type mice further supports the idea that the enrichment of
HCNI1 in SLM of CA2 is presynaptic. Based on these results, we
conclude that, whereas HCN1 and HCN2 are present in a gradi-
ent of increasing density in CA1 apical dendrites, both subunits
are expressed at low, uniform levels in CA2 apical dendrites.
Results from computer simulations of CA1 and CA2 electro-
physiological properties described below further support this
conclusion.

Consistent with differences in HCN1 expression, the depolariz-
ing sag in somatic membrane potential elicited by somatic hyperpo-
larizing current steps, a characteristic feature of I, activation, was
much larger in CA1 compared with CA2 PN (Fig. 4 A, D; Table 1).
Moreover, application of the I, antagonist ZD7288 (10 um) caused a
much greater hyperpolarization of the resting membrane, increase
in input resistance, and increase in membrane time constant in CA1
compared with CA2 PN (Fig. 4B, C,E).

To determine the potential contribution of I, to regulating
EPSP amplitude, we recorded uEPSPs from CA1 and CA2 PNsin
the absence and presence of 10 um ZD7288 (Fig. 4 F,G). Blockade
of I, increased the amplitude of the uEPSP by a factor of 1.47 =
0.13 (n = 10; p < 0.01) in CA1 PNs, from 0.17 = 0.02 mV in



3282 - J. Neurosci., March 22, 2017 - 37(12):3276 —3293

Srinivas et al. @ Dendritic Properties of CA2 Pyramidal Neurons

A B
CA2 Prox CA1 Prox CA2 Prox CAl Prox
> >
g g
2 g
=) )
50 ms
C D
CA2 Distal CA1 Distal CA2 Distal CA1 Distal
<0.5 wm <0.5 wm
> cr_\ s 'r_\.t
El 50 ms g I 50 ms
st >05um 21>05um
50 ms 50 ms
E Prox F Distal All G Distal
.0 .0 1 1.0 7
£l o o &t e CAl
Y ° 03 w o CA2 >0.5
LT ]'5 ] [ .. § . VN ; ‘
z o o037 Eog] _%e° £ 06 <05 !
:]0_ §Q... ® E & ' ] :. & %o ‘.! > 0.5
@ - «* ° R oS e &, ® <05 B 88 ..
e eee 8% 2 04170050 ogfd 1.0 e v &
[ ] *% i‘ ® !
0.5 - ® g o .
0.2 X 0.2 1 : &
S g
00 T T 00 T T 00 T T T T
CA2 CAl CA2 CAl Diameter (wm)

Figure 2.

Glutamate uEPSPs in CA2 and CA1 PNs. A, €, Two-photon laser-scanning microscopy images of Alexa-594 fluorescence showing structure of proximal (4) and distal (C) spiny apical

dendrites of CA2 and CA1 PNs. Yellow dots indicate the location of a 500 s spot of 725 nm laser light used to trigger 2-photon-mediated photolysis of MNI glutamate. B, Representative traces of
UEPSPs recorded at the soma evoked by glutamate uncaging at single proximal spines of CA2 (orange) and CA1 (black) PNs. D, Representative traces of uEPSPs recorded at the soma in response to
glutamate uncaging at single distal small spines (top; <<0.5 wum in diameter) or large spines (bottom; >0.5 m in diameter) of CA2 (orange) and CA1 (black) PNs. E, F, Individual data and mean
somatic uEPSP amplitude evoked by glutamate uncaging at single proximal and distal spines. G, Individual data and mean somatic uEPSP amplitude evoked by glutamate uncaging at single distal
small spines (<<0.5 pum) or large spines (>0.5 p.m) of CA2 and CA1 PNs. Error bars indicate == SEM. **p << 0.001. Scale bars: A, 10 um; ¢, 5 um.

control conditions to 0.25 = 0.03 mV in the presence of the I,
blocker. In contrast, ZD7288 caused a much smaller (1.18-fold)
and statistically insignificant increase in uEPSP size in CA2 PNs
(uEPSP = 0.28 = 0.03 in absence of ZD7288 vs 0.33 = 0.04 mV in
the presence of drug; n = 10; p > 0.05). ZD7288 also reduced the
afterhyperpolarization following the EPSP, which was more
prominent in CA1 compared with CA2 and which results from
the deactivation of I,, during the EPSP depolarization. Thus, dif-
ferences in dendritic I}, expression can account for approximately
half the difference in the distally evoked uEPSP amplitude be-
tween CA1 and CA2 PNs.

Small differences in CA2 and CA1 distal spine ultrastructure
and AMPAR number

The remaining difference in uEPSP size measured at the soma
of CA2 and CA1 PNs with I, blocked could result from differ-

ences in the passive integrative properties of the dendrites
and/or a difference in the number of AMPARSs per spine. We
therefore determined AMPAR expression using serial section
postembedding immunogold electron microscopy on freeze-
substituted hippocampal tissue. We also performed a more
detailed analysis of spine size because synaptic AMPAR num-
ber and, hence, synaptic strength often varies with spine size
(e.g., Matsuzakietal.,2001; Katz et al., 2009). Because CA2 PN
dendrites in SLM are embedded in a network of overlapping
dendrites from CA1 and CA3 PNs, we used a genetic approach
to identify CA2 PN spines. We injected an adeno-associated
virus vector-expressing GFP in a Cre recombinase-dependent
manner into the CA2 region of adult Amigo2-Cre mice, which
express Cre (and therefore will express GFP) selectively in CA2
PNs (Hitti and Siegelbaum, 2014). Antibodies linked to
different-sized immunogold particles were then used to label
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Figure 3. HCN1 and HCN2 immunohistochemistry in hippocampal slices. A, Double immunofiuorescence labeling for HCN2

(green, left) and the CA2 marker PCP4 (red, right) in hippocampal slices from wild-type mice. Graphs plot HCN2 fluorescent labeling
intensity along the lines shown in CA1 and CA2 regions (measurements from n = 11 slices obtained from 3 animals). Solid lines
indicate mean values. Shaded areas represent == SEM. B, Double immunofluorescence labeling for HCN1 (green, left panels) and
the CA2 marker PCP4 (red, right panels) in hippocampal slices from TRIP8b™ /™ (wild-type [wt], top panels) and TRIP8b ™/~
(knock-out [ko], bottom panels) mice. Note the much stronger HCN1 labeling in slices from wt mice in CA1 versus CA2 regions.
Graphs represent HCN1 fluorescence intensity along the lines shown in CAT and CA2 regions in hippocampal slices from wt and ko
mice (wt, measurements from n = 22 slices from 3 wt animals; ko, measurements from n = 20 slices from 3 ko littermates).
Measurements from wt and ko slices were normalized to the respective average signal obtained from PCP4 double staining to
correct for potential variation in absolute intensity values. Al stainings were performed on coronal brain slices, collected at
bregma — 1.8 mm. Scale bars, 500 wm.

GFP and AMPARs in slices obtained 2-3 weeks after viral
injection, enabling us to measure AMPAR expression specifi-
cally in CA2 PN spines (Fig. 5A—C). CA1 PN spines were iden-
tified unambiguously using tissue obtained from the SLM
layer in the mid-region of CA1l along the transverse axis, far
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from the CA2 and subicular borders
(Fig. 5D-F). The mean number of AMPAR
particles located to synapses (within 20
nm of a postsynaptic density) per spine
averaged over all spines was ~25% greater
(Fig. 5I') in CA2 (4.3 = 0.3; n = 301) than
CAl (3.4 % 0.3;n = 143; p < 0.05).

Three-dimensional reconstructions of
distal dendritic segments of CA1 and CA2
PNs (Fig. 5A-F) were used to measure
synaptic AMPAR expression as a function
of spine volume in a large population of
distal spines. There was a strong correla-
tion between spine volume and synaptic
AMPAR particle number in spines from
both CA1 and CA2 PNs (Fig. 5G). A cumu-
lative plot of the distribution of spine
volume (Fig. 5H) shows a significantly dif-
ferent distribution (Kolmogorov—Smirnov
test: p < 0.0001). Smaller spines (defined
as those with volume <0.05 wm?) have a
50% larger mean volume in CA2 (0.024 =
0.0007 wm?, n = 249) versus CA1 (0.016 *
0.001 um?>, n = 123; p < 0.0001), whereas
larger spines (volume >0.05 um?®) have a
slightly smaller volume in CA2 (0.085 % 0.005
um?>, n = 52) compared with CA1 (0.107 =
0.009 um?, n = 20; p < 0.05). However,
there was no significant difference in
mean volume for the total population of
spines in CA2 (0.034 *+ 0.002 um?, n =
301) compared with CA1 (0.029 * 0.003
wm?, n = 143; p > 0.05).

Spines can differ as to whether they con-
tain nonperforated or perforated synapses,
the latter having a PSD with at least one dis-
continuity when viewed in serial electron
microscopy sections (Geinisman, 1993; Ga-
neshina et al., 2004). Because perforated
synapses express a higher number of
AMPARs than nonperforated synapses
(Kharazia and Weinberg, 1999; Ganeshina
et al., 2004; Nicholson and Geinisman,
2009), an increased fraction of perforated
synapses could contribute, in principle, to
the larger distally evoked EPSP in CA2 ver-
sus CA1 PNs. However, we found that the
percentage of spines with perforated syn-
apses was actually greater in CAl than in
CA2, for both small spines (52.4% in CA1 vs
31.8% in CA2) and large spines (100% in
CA1 vs 85% in CA2). These results indicate
that spine and synapse ultrastructure and
AMPAR expression are relatively similar in
the SLM region in CA2 and CA1 and so may
not be a major determinant of differences in
EPSP size.

Differences in spine number and dendritic morphology
between CA2 and CA1 PNs

The above analysis suggests that differences in Th expression and
AMPAR number may account for part, but perhaps not all, of the
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Effect of /, on passive membrane properties and distal uEPSP of CA2 and CAT PNs. A, Representative traces of membrane responses measured from soma of CA2 (orange) and CAT (black)

PNs to depolarizing and hyperpolarizing current injections in normal ACSF and during application of 10 um ZD7288. B, Mean changes in resting membrane potential before and after wash-in of

ZD7288. ¢, Summary of mean values of input resistance (R,

) measured from CA1 (black) and CA2 PNs (orange), in normal ACSF and during application of 10 um ZD7288. D, Mean changes in sag

amplitude before and after wash-in of ZD7288. Insets, Membrane depolarizing “sag” responses characteristic of , upon hyperpolarizing currentinjections in CA2 (orange) and CA1 (black) PNs. E, Bar
plots of normalized effect of 10 pum ZD7288 on slow membrane time constant and input resistance, normalized to values obtained in ACSF. F, Representative somatic uEPSPs evoked by glutamate
uncaging atasingle distal spine of CA1 (black) and CA2 (orange) PNs, before and during application of 10 um ZD7288 (light colored traces). G, Individual and mean uEPSP amplitude before and after

application of ZD7288. Error bars indicate == SEM. *p << 0.01. **p << 0.001. ***p < 0.0001.

~2.0-fold difference in the somatic voltage response to the acti-
vation of a single spine in CA2 compared with CA1 PNs. More-
over, the difference in uEPSP size is much less than the 5- to
6-fold difference in EPSP size in these neurons evoked by electri-
cal stimulation of the distal inputs. We therefore next assessed
whether differences in dendritic morphology and/or synapse
number may also contribute to differences in the uEPSP and
electrically evoked compound EPSP between CA2 and CA1 PNs.
We therefore performed a detailed analysis of dendritic morphol-
ogy and spine number in the distal dendrites for the two classes of
neurons, with the number of spines providing an approximate
measure of the number of excitatory synaptic inputs. Individual
CA1 and CA2 PNs were filled with biocytin (1%) during patch-

clamp recordings, and 3D reconstructions of dendritic morphol-
ogy were performed in fixed hippocampal slices after visualizing
the neurons with DAB (Fig. 6A,B). A previous study from our
laboratory examined the role of differences in dendritic branch
geometry in dendritic spike propagation but did not examine
spine number or dendritic branch diameter (Sun et al., 2014).
To estimate the number of excitatory synaptic inputs, we
counted the number of spines in both proximal and distal den-
drites of CA2 and CA1 PNs. We found that the number of spines
on distal dendrites of CA2 PNs (6308 = 272.4) was 3.5 = 0.4-fold
greater than that of CA1 PNs (1735 * 165.6; n = 9; p < 0.0001;
Fig. 6C). The higher CA2 spine number resulted from two fac-
tors. First, the total length of CA2 dendrites in SLM (2755 *
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Electron micrographs of GFP-expressing CA2 and GFP-negative CA1 distal synapses. 4, Electron micrographs of three serial sections (1-3) through two GFP-positive (CA2) and

AMPAR-positive synapses in SLM. Arrowheads indicate the borders of the PSD. Green arrows indicate clusters ofimmunogold particles for AMPARS projected onto the PSD. Blue arrows indicate large,
25 nm immunogold particles for GFP (CA2 marker). sp, Spine; at, axon terminal. B, C, Single section electron micrographs capturing the spine neck (red arrowheads) attachment to parent dendrite
(den). D, Same as in A, but for synapses in CA1 SLM. Note the absence of GFP-immunogold particles. E, F, Single section electron micrographs for synapses in CA1 SLM (conditions and
labels asin B,(). Scale bars, 500 nm. G, Correlation between spine volume and AMPAR particle number in the postsynaptic density for all GFP-positive (CA2: r = 0.59) and GFP-negative
(CA1:r = 0.6) distal spines. H, Percentage cumulative distribution plots of spine volume for all GFP-positive (CA2) and GFP-negative (CA1) spines (Kolmogorov—Smirnov test: p <
0.0001). 1, Mean number of AMPA receptor particles in the postsynaptic density in total spine population in distal dendrites of CA2 (GFP-positive) and CAT (GFP-negative) PNs. Error bars

indicate == SEM. *p < 0.05. ***p < 0.0001.

137 wm) was 67 = 1.7% larger (n = 5; p < 0.001) than the
length of CA1 dendrites in SLM (1850 = 130 wm). Second, the
density of spines in SLM of CA2 (2.3 = 0.11 spines/um) was
2.4 * 0.3-fold higher (n = 9; p < 0.001) than SLM spine
density in CA1 (0.99 = 0.13 spines/um). In contrast, the spine
density was significantly higher on the proximal dendrites of
CAl PNs (3.8 *£ 0.2 spines/um) compared with CA2 PNs
(2.6 £ 0.3 spines/um; p < 0.001), consistent with the larger
EPSP evoked by proximal stimulation in CA1 compared with
CA2 PNs (Fig. 10).

We extended our previous morphological analyses (Sun et
al., 2014) by determining differences in soma and dendrite
size, using a separate set of filled neurons (n = 5). First, we
found that the CA2 PN soma is much larger than that of CA1
PN (surface area of 403 = 20 um?in CA2 vs 164 = 25 um? in

CAl;n = 5;p<0.0001). Within SLM, CA2 PNs have a greater
total dendrite length, surface area, volume, and dendritic di-
ameter (Fig. 6C,D).

Our analysis also confirmed the differences in dendrite
branching described by Sun etal. (2014). Thus, CA1 PN typically
extend a single primary apical dendrite that reaches the border of
SLM, where it radiates into a number of thin tufted dendrites
within SLM. Within SR, the main apical dendrite gives rise to
numerous oblique dendrites. In contrast, in all CA2 PN, the
primary apical dendrite divides into several secondary branches
relatively close to the soma (~30-100 wm). These secondary
branches extend to the distal regions of SLM and give rise to very
few oblique branches in SR. These results were quantified using a
Sholl analysis, which confirmed that CA2 PNs have significantly
fewer oblique branches in SR but more branches in SLM com-
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pared with CA1 PNs (Fig. 6A). The larger and less branched
dendrites of CA2 PNs may facilitate the propagation of the distal
EPSP to the soma compared with propagation along CA1 PN
dendrites, and thereby contribute to the 2.0-fold difference in
single spine responses. We used computer simulations below to
address this possibility.

Multicompartmental membrane models with I,
As the number of AMPARs are approximately equivalent be-
tween CA1 and CA2 PN dendrites, the 2.0-fold larger uEPSP at
the soma of CA2 PNs compared with CA1 PNs may result from
either a greater local dendritic depolarization in response to a
single spine input and/or an enhanced dendritic propagation of
the local EPSP to the soma. Because the small size of the distal
dendrites precludes direct recordings of the local distal EPSP, we
performed multicompartmental computer simulations in the
NEURON simulation environment (Hines and Carnevale, 1997)
based on the morphological reconstructions of CA1 and CA2
PNs from biocytin fills (Fig. 7A) and our electrophysiological
results.

We first constructed a purely passive model based, simulating
conditions where I;, was blocked, using values for specific mem-
brane resistance (R,,), internal resistivity (R;), and capacitance

(C,,) from published results (Jarsky et al., 2005; Harnett et al.,
2012). When we did not include the contribution of dendritic
spines to total surface area, the predicted input resistance (Ryy )
values for CA1 and CA2 PNs were several-fold larger than our
experimental results (Fig. 7B, D). To incorporate spines, we di-
vided R,,, and multiplied C,, in a region-dependent manner by
scaling factors for spine surface membrane area (Table 2) calcu-
lated from our measured spine densities, dendritic diameters,
and previously reported spine surface area measurements (Harris
and Stevens, 1989). After including the spine scaling factors, the
Ryppue Values closely matched the experimental values for both
CA1 and CA2 PN, indicating that the chosen standard values of
R, and R; were appropriate for both types of neurons.

Next, we extended the passive model by incorporating I,. In
CAL1 PN, the I conductance was distributed in a linear gradient
of increasing density in the apical dendrites as a function of dis-
tance from the soma, based on immunohistochemical (see also
Santoro etal., 1997; Lorincz et al., 2002) (Fig. 3) and electrophys-
iological results (Magee, 1998). In contrast, for CA2 PN, [, con-
ductance was distributed uniformly throughout the dendritic
tree, consistent with our immunohistochemical results (Fig. 3).
The I, conductance values in both CAl and CA2 models
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tude of the subthreshold EPSP in both
CA1 and CA2 PNs is largely determined
by the AMPAR conductance, as NMDAR
blockade decreases the EPSP amplitude by
<20% (Sun et al., 2014). We therefore
modeled the kinetics of excitatory synaptic
conductances using a two-exponential func-
tion appropriate for AMPAR-mediated
EPSCs, as previously described (Jarsky et
al.,, 2005). Inclusion of NMDARs did not al-
ter the conclusions from the simulations

EXpeniment (data not shown).
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and CA2 PNs, before and after correction for spines. Error bars indicate == SEM. **p << 0.001.

Table 2. Spine scaling factors for dendrites of CA2 and CA1 PNs

Segment CA1PNs (A2 PNs
SR thick/proximal 1.74 1.78
SR thick/distal 1.78 1.86
SR thin 2.72 245
SLM medium 1.72 2.88
SLM thin 1.63 2.96

were adjusted so that the computed somatic sag amplitude
(steady-state — peak voltage during hyperpolarizing current
step) matched our experimental values (Fig. 7C). Inclusion of I,
caused a positive shift in the resting potential of 3.3 = 0.3 mV and
8.5 £ 0.4 mV in CA2 and CA1 PN, respectively, in excellent
agreement with our experimental observations (2.94 = 0.4 mV
and 8.9 = 2 mV shift in CA2 and CAl, respectively; Fig. 4B).

Simulation of responses to single spine inputs in CA2 and
CA1l PNs

We next used our computational models to explore the dendritic
and somatic responses to single spine inputs (Fig. 8). The ampli-

Simulations of voltage response to hyperpolarizing current steps from morphologically based NEURON models incor-
porating passive membrane properties, /, and spinescale corrections. A, Representative reconstructed CA1 and CA2 PNs.
B, Simulated voltage responses to hyperpolarizing current step in the absence of /,, with (pink) or without (orange) correction for
spine membrane area for model CA1 (left) and CA2 (right) PNs, compared with experimental voltage responses. Orange represents
CA2. Black represents CA1. ¢, Comparison of simulated voltage responses in the presence of /, (orange) to experimental data from
CA1 (left, black) and CA2 (right, orange) PNs. D, Percentage error in calculated versus experimental input resistance (R

Spinesealed Uncaging EPSPs were generated by acti-

vating identical AMPAR conductances in
individual spines in distal dendrites of CA1l
and CA2 PNs. We used a spine neck resis-
tance of 500 M) (Harnett et al., 2012), with
identical values of spine head and neck pa-
rameters used in CA1 and CA2 simulations
(n = 4 reconstructed CA2 PNs and n = 3
CALl PNs). For each cell, we repeated the
uEPSP measurements on a total of 50 spines
randomly placed throughout the distal
dendritic arbor, with each spine located
~400 um from the soma (Fig. 84). We
then averaged the 50 spine responses at a
given location along the somatodendritic
compartment.

We first adjusted the value of the
AMPAR conductance in CA2 spines so
that the computed somatic EPSP ampli-
tude matched the uEPSP amplitude re-
corded experimentally, and then used this
value for all subsequent CA2 and CAl
simulations. The EPSP was calculated in
the head of the activated distal spine, at
various positions in the dendritic shaft as
the EPSP propagated to the soma, and in
the soma itself (Fig. 8 B, C).

Activating the AMPAR conductance
on a distal spine produced a large EPSP of
identical amplitude (45 mV) within the
CA2 (44.9 = 0.7 mV) or CA1 (44.9 * 0.7
mV) spine head (Fig. 8 D, E). In the distal
dendritic shaft, immediately under the activated spine, the local
depolarization was actually 50% larger in CA1 (31.1 = 1.2 mV;
n = 150 spines) than in CA2 (20.7 £ 0.95 mV; n = 200 spines;
p < 0.001), as a result of the higher input resistance of the
smaller-diameter CA1 distal dendrites. In contrast, the EPSP val-
ues at the soma were reversed: the simulated somatic EPSP in
CA2 PNs (0.25 = 0.01 mV; n = 200 spines) was 1.8-fold larger
than the CA1 EPSP (0.14 = 0.01 mV; n = 150 spines; p < 0.001)
(Fig. 8 D,E). This CA2/CA1 EPSP ratio is very similar to the ratio
of 1.75 for the experimentally determined uEPSPs (Fig. 2).

A comparison of EPSP size in the distal dendritic shaft under the
activated spine to the EPSP amplitude measured in the soma re-
vealed that CA1 dendrites produced a 2.6-fold greater attenuation
(p < 0.001) of the EPSP compared with CA2 dendrites. Thus, the
dendritic attenuation factor (ratio of distal to somatic EPSP) was
218 £ 25 (n = 3)in CA1 PNs compared with 84 = 15 (n = 4) in CA2
PNs (Fig. 8 F,G). Of particular interest, the computed EPSP at the
CALl soma closely matched the CA1 uEPSP amplitude recorded ex-
perimentally, supporting the validity of both models.

Uncorrected

Experiment

G, corrected

) for CA1

input:
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Figure 8.

Dendritic integration and propagation of distally evoked EPSPs at single spines in morphologically reconstructed simulations of CA2 (orange) and CA1 (black) PNs. A, Representative

reconstructions of CA2 and CA1 PNs with synapse locations (dots). Electrodes indicate simulated recording sites. B, Log-linear plot of EPSP amplitude as a function of dendritic distance from soma
for CA2and CA1 PNs. €, Log-linear plot of normalized EPSP amplitude along dendrite. D, Simulated EPSPs generated by AMPAR conductancein a single CA2 and CA1 distal spine (inset) in spine head,
distal dendritic shaft just under the spine, at proximal dendrite, and at soma. E, Bar graphs represent mean EPSP in distal dendrite spine head, shaft, proximal dendrite, and soma. F, EPSP
attenuation. The EPSP amplitude in the dendritic shaft at the site of synapticinput (Vdend) was divided by the local propagated EPSP amplitude at a given distance from the synapticinput
(Vlocal) and plotted as a function of the distance. Plots represent EPSP attenuation for CA2 (orange) and CA1 (black) in the absence (dashed lines) or presence (solid lines) of simulated
;.. G, Bar graphs represent mean voltage attenuation of the distal dendritic EPSP measured at soma in the absence (dashed lines) or presence (solid lines) of simulated /.. Error bars

indicate = SEM. **p < 0.001.

Removal of I, from the simulations (Fig. 8 F, G) produced a
significant 1.8-fold decrease in the magnitude of dendritic
attenuation in CAl (from 218 * 25 to 120 = 23; n = 3 cells;
p < 0.001), prolonged the EPSP decay time course, and elim-
inated the afterhyperpolarization, consistent with our experi-
mental results (Fig. 4F). In contrast, removal of I, in the CA2
model produced only a small, 1.15-fold decrease in dendritic
attenuation (from 84 = 15to 73 £ 14; n = 4 cells; p > 0.05) and
had little effect on EPSP decay, as observed experimentally (Fig.
4F). Removal of I, enhanced the somatic uEPSP by a factor of 1.2
for CA2 compared with a factor of 1.51 for CA1. These results are

in excellent quantitative agreement with our experimental results
showing that blockade of I, with ZD7288 caused a 1.18-fold in-
crease in the uEPSP in the CA2 PN soma compared with a 1.47-
fold increase in the CA1 PN soma (Fig. 4F, G). In contrast, when
we repeated the CA2 simulations with I, present in a gradient of
increasing dendritic expression (with somatic I, levels adjusted to
match our experimental somatic sag amplitude), removal of I,
enhanced the EPSP amplitude by a factor of 1.36, nearly 1.2-fold
greater than our experimental value. Thus, the simulation results
support the immunohistochemical data (Fig. 3) suggesting that I,
is distributed uniformly in CA2 dendrites.
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Comparison of experimental input— output curves for EPSPs evoked by distal synaptic stimulation recorded separately from soma and dendrites of CA2 and CA1 PNs. A, Experimental

setup. Biocytin filled CA2 PN. The orange electrodes indicate somatic and proximal dendritic recording sites (mean recording sites in CA2 and CA1 PNs are 133 and 173 um from soma, respectively),
and placement of blue stimulating electrode. B, Representative EPSPs at soma and proximal dendrite of CA2 and CA1 PNs. C, Mean somatic and dendritic EPSP input— output curves for CA2 and CA1
PNs. GABA receptors were blocked using SR 95531/CGP 55845 during all experiments. Error bars indicate = SEM.

One interesting result from the plot of EPSP size versus den-
dritic distance from the soma was that the major difference in
dendritic attenuation between CA1l and CA2 occurred in the
more proximal regions of the dendrites in SR, starting 250 wm
from the soma. As the EPSP propagated from this point to the
soma, the CA1 dendrites produced a 3.0-fold greater attenuation
than did the CA2 dendrites (Fig. 8 B, C). Part of this difference is
accounted for by I, as the removal of I, from the simulations
greatly decreased the attenuation by the proximal dendrites (Fig.
8F). The remaining difference in dendritic attenuation is likely
due to the more numerous proximal oblique CAl dendrites,

which act to shunt the current from the primary CAl apical
dendrite.

Direct dendritic recordings support differential dendritic
attenuation of EPSPs

To test the prediction of the model that CA1 proximal dendrites
produce a greater attenuation of the EPSP compared with CA2
dendrites, we performed dendritic recordings from more proxi-
mal regions of CA2 and CA1 dendrites in the middle of the SR
layer, ~150 wm from the soma (Fig. 9). There was remarkably
little attenuation of the EPSP as it propagated from this location
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to the soma in CA2 dendrites, with nearly A
identical EPSP input—output relations

measured in the proximal dendrites and

soma. In contrast, for CA1 PNs, the den-

dritic EPSP was almost 2.0-fold larger

than the somatic EPSP. Thus, the ratio of

the EPSP amplitude measured at the

proximal dendrite (~150 wm from the

soma) to the somatic EPSP amplitude was

equal to 1.02 = 0.023 (n = 7) in CA2 PNs

compared with 1.76 = 0.65 (n = 7) in

CA1 PNs. These experimental results were

in remarkably good agreement with our
simulations, where the dendritic to so-

matic EPSP ratio was 1.08 * 0.024 (n = 4) C
in CA2 compared with 1.82 = 0.06 (n =

3) in CAL.

CA2

Simulations reveal a differential effect

of distal synapse number on somatic

EPSPs in CA2 compared with CA1 PNs

The ~2.0-fold larger somatic response to

synaptic activation of a single spine in the

distal dendrites of CA2 compared with

CA1 PNs seen in our experimental and
computational results cannot, by itself,

account for the 5- to 6-fold difference in

the size of the somatic EPSP evoked by

distal electrical stimulation. However, E
given our finding that CA2 distal den-

drites have three times as many spines as 0
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CA1 distal dendrites (Fig. 6C), we next per- 15
formed a set of simulations to determine
whether a combination of differences in den-
dritic morphology, I, expression, and distal
synapse number can explain more fully the
difference in EPSP size.

We distributed 1000 excitatory syn-
apses with fixed and identical AMPAR 0
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conductance (as above) across the distal 0
dendritic arbor in both CA1 and CA2 PN
models using the same I, values used in
the single spine simulations. We then
computed the relation between somatic
EPSP amplitude and the number of spines
that were simultaneously activated at ran-
dom sites throughout the distal dendritic
arbor (Fig. 10A). For both CA1 and CA2
PNs, the somatic EPSP amplitude initially
increased linearly as a function of the
number of activated spines; however, with
large numbers of activated spines, the re-
lation became sublinear (Fig. 10B). The
sublinearity occurs as enough synapses become activated so that
the distal dendritic voltage begins to approach the AMPAR rever-
sal potential (Fig. 10C,D). Of note, the region of sublinearity was
reached when many fewer spines were activated in CAl com-
pared with CA2. Thus, whereas the CA1 EPSP approached a sat-
urating value after activation of ~200 synapses, the CA2 EPSP
failed to saturate with even 600 activated synapses. This differ-
ence can be largely attributed to the lower input resistance of the
large caliber CA2 distal dendrites, which reduces the size of the
distal EPSP compared with that in CA1 (Fig. 10B,D).

Figure 10.
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Somatic and local distal dendritic EPSP input— output relation for CA2 and CA1 PNs. A, Simulation setup for deter-
mining relationship between somatic EPSP amplitude and number of activated distal synaptic inputs for CA2 and CA1 PNs. Blue
dots indicate location of synapses randomly distributed in distal dendrites. Electrode, somatic recording site. B, EPSP amplitude as
a function of number of activated synapses for CA2 and CA1 PNs. €, Simulation setup for determining relationship between local
distal dendritic EPSP amplitude and number of activated distal synaptic inputs for CA2 and CA1 PNs. Blue dots indicate location of
synapses. Electrodes, dendritic recording sites. D, Local distal dendritic EPSP amplitude as a function of number of activated
synapses for CA2 and CA1 PNs. E, F, Comparison of experimental EPSP input—output relations (filled symbols) with results
from simulations (open symbols) for CA2 (E) and CA1 (F) PNs. Each comparison had one free scaling parameter, f, that converted
stimulus current to number of activated synapses. For CA1, f = 1.5 synapses per A; for CA2, f = 4.3 synapses per wA. Error bars

As a result of the difference in EPSP saturation, the CA2/CA1
EPSP ratio increased linearly as a function of synapse number, from
a minimum value of 2.5 with only a few active synapses to a value of
~4.5 with 600 active synapses. Our simulations provided a very
good match to our experimentally observed EPSP input—output
relations for both CA1 and CA2 PNs (Fig. 10E, F), when we used a
single free parameter to convert a unit of stimulating current to the
number of activated synapses. Of particular interest, the conversion fac-
tor for CA2 was 2.9-fold greater than that for CA1, consistent with the
3.0-fold greater spine density in CA2. Such agreement with experimen-
tal results provides a very strong validation of our computational results.
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Discussion

Previous studies demonstrated the importance of passive and
active dendritic properties in the local integration of synaptic
inputs and the propagation of synaptic potentials to the soma
(London and Hiusser, 2005; Stiefel and Sejnowski, 2007; Stuart
and Spruston, 2015). Here, we have extended this analysis by
showing that the synergistic interaction of dendritic and synaptic
properties determines the distinct responses of CA1 and CA2 PNs
to their entorhinal cortex inputs.

Our experimental and computational results indicate that three
factors (dendritic morphology, dendritic I;, and synapse number)
account quantitatively for the 5- to 6-fold greater somatic EPSP
evoked by activation of the distal cortical inputs in CA2 compared
with CA1 PNs. The combined differences in dendritic morphology
and I,, alone account for the nearly 2.0-fold difference in the ampli-
tude of the somatic EPSP evoked by activation of the AMPA recep-
tors on a single distal spine, with individual differences in I, and
morphology contributing approximately equally. The remainder of
the difference in EPSP size evoked by synaptic stimulation results
from the 3.0-fold greater number of synapses on CA2 compared
with CAl distal dendrites.

Dendritic morphologies vary widely among different classes of
neurons and have been found to greatly influence their information-
processing properties (Mainen and Sejnowski, 1996; London and
Héusser, 2005; Stiefel and Sejnowski, 2007). Our anatomical results,
along with those from a previous study from our laboratory (Sun et
al., 2014), pinpoint several key differences in the architecture of CA2
compared with CAl dendrites. Whereas most CA1 PNs extend a
primary dendrite to SLM where it fans out into a fine tuft of thin
dendrites, the majority of CA2 PNs have a primary apical dendrite
that branches within 100 wm of the soma, sending multiple second-
ary dendritic branches that extend to SLM. Moreover, CA2 den-
drites are more heavily branched in SLM compared with CAl
dendrites, whereas CA1 PNs have many more oblique secondary
dendrites in SR that serve to shunt the distal synaptic current as it
propagates to the soma. At the same time, the more extensive
branching of CA2 distal dendrites and their greater overall length
allow for more EC synaptic contacts.

Sun et al. (2014) reported that very strong synaptic stimula-
tion of the EC inputs triggered distal dendritic spikes in both CA1
and CA2 PNs. However, these spikes produced a much greater
somatic depolarization in CA2 compared with CA1 PNs. A com-
putational analysis showed that the differences in spike ampli-
tude could be largely explained by differences in dendritic
branching. Whereas the multiple secondary CA2 dendrites fired
independent dendritic spikes that summated at the primary den-
dritic branch point, resulting in a large net spike at the CA2 soma,
CA1 PNs, with only one or two apical dendrites, are capable of
little or no spike summation. However, Sun et al. (2014) did not
examine factors responsible for dendritic integration of the EPSP,
effects of I, synapse number, or propagation of voltage signals
along a single dendritic branch.

Our computational, electrophysiological, and immunohisto-
chemical findings extend the results of Sun et al. (2014) by dem-
onstrating how differences in propagation along single dendritic
branches combined with differences in I, and synapse number
play an important role in determining the differential response of
CA2 and CALl dendrites to their cortical inputs. In CAl, I, is
largely generated by the HCN1 subunit (Santoro et al., 1997;
Nolan et al., 2004). Previous work has shown that I, (and HCN1)
is strongly expressed in CA1 apical dendrites in a striking gradient
of increasing expression with increasing distance from the soma
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(Santoro et al., 1997; Magee, 1998, 1999) where it acts as a depo-
larizing shunt conductance to limit the EPSP amplitude. Because
of its strong distal dendritic expression, I,, is particularly effective
in suppressing the distal cortical EPSP. In contrast, we find that I;,
and HCN1/HCN2 channel subunits are weakly expressed in CA2
PN, where there is little distal dendritic enrichment. As a result,
pharmacological blockade of I}, causes a substantial (~50%) en-
hancement in the distally evoked EPSP recorded in the soma of
CA1 PNs but has little effect on EPSP amplitude in CA2 PNss.

Given the difficulty in measuring voltage directly from thin distal
dendrites, we evaluated the consequences of the differences in den-
dritic morphology and levels of I, by building multicompartmental
models of both CA1 and CA2 PN, using identical values of passive
membrane resistance and specific intracellular resistance, and our
measured neuronal morphology to explore the mechanisms and
consequences of the different electrical properties. The computa-
tional model, which was fully constrained by our experimental re-
sults, faithfully reproduced the subthreshold electrophysiological
properties of CA1 and CA2 PNs, implying that the differences in
these properties are largely determined by differences in dendritic
architecture and levels of I,..

According to our simulations, morphological differences and
differences in I}, are sufficient to account for the 2.0-fold larger
somatic uEPSP elicited by glutamate uncaging at a single CA2
spine compared with the response evoked from a CA1 spine. The
extent by which the dendrites attenuate a distally generated volt-
age signal when recorded at the soma was actually 3.0-fold greater
in CAl compared with CA2 PNs. However, because the local
distal dendritic voltage response to a given synaptic conductance
change was 50% larger in CAl compared with CA2 dendrites
(reflecting the higher CAl distal input resistance), the net re-
sponse at the CA2 soma was only 2.0-fold greater than in CAl.
Our results do not rule out the possibility that differences in
dendritic expression of other voltage-gated channels that operate
under a subthreshold voltage regimen may also contribute to the
differential processing of synaptic inputs in CA2 compared with
CA1 PNs.

Our morphological measurements also revealed that CA2 dis-
tal dendrites possess ~3.0-fold more spines than do CA1l den-
drites, suggesting a corresponding difference in the number of
excitatory inputs. Importantly, the spine results do not necessar-
ily imply a 3.0-fold larger synaptic response as the relation be-
tween the number of active inputs and the resulting EPSP will be
sublinear whenever the local EPSP approaches its reversal poten-
tial (Magee, 2000; Gulledge et al., 2005; Spruston, 2008). Indeed,
a key finding of our simulations is that the properties of CA2
distal dendritic compartments enable them to respond to a larger
number of synaptic inputs over a linear range before reaching
saturation compared with CA1l dendrites. This is because the
large-diameter CA2 distal dendrites have a lower input imped-
ance compared with the thin-diameter CA1 dendrites and, thus,
generate a smaller local depolarization in response to a given
number of activated inputs.

One further interesting aspect of our findings is that the great-
est difference in attenuation of the distal EPSPs by CA1 compared
with CA2 dendrites occurs in the proximal half of the dendrites,
located in SR. Over this region, CA2 dendrites produce little ad-
ditional attenuation of the EPSP, whereas the CA1 dendrites pro-
duce a 3.0-fold additional attenuation. These differences again
are partly due to differences in I, and partly due to differences in
dendritic morphology (Fig. 8). At first glance, these results may
appear to contradict the findings from our uncaging experiments
on proximal spines located on secondary dendritic branches in
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SR, which showed that the amplitude of the uEPSP was similar at
the soma of CA1 and CA2 PNs (Fig. 2). However, additional
simulations (data not shown) demonstrate that the local EPSP at
its point of generation in the CA1 secondary oblique dendrite was
much larger than that in the CA2 dendrite because of the thinner
diameter and higher input resistance of the CAl secondary
oblique dendrites. The actual attenuation factor to the soma from
the point where the CA1 secondary dendrite reached the primary
dendrite was identical to that calculated for the distally evoked
CA1 EPSP.

The direct cortical inputs are likely to play different roles in
the ongoing activity of CAl compared with CA2 PNs based on
their differential depolarizing drive. In CA1, the EC inputs serve
as modulators of excitation by the more powerful Schaffer collat-
eral inputs from CA3 PNs (Remondes and Schuman, 2002; Jarsky
et al., 2005). Thus, paired activation of EC and SC inputs can
trigger burst firing of CA1 PNs (Takahashi and Magee, 2009),
which may trigger synaptic plasticity that helps encode novel
place fields (Bittner et al., 2015) and aid in memory storage and
recall (Kaifosh and Losonczy, 2016). EC inputs to CA1 may also
serve to enhance memory specificity (Basu et al., 2016) by induc-
ing a powerful form of heterosynaptic plasticity of SC excitation
termed input-timing-dependent plasticity (Dudman et al., 2007;
Basu et al., 2013, 2016). In contrast, the EC inputs in CA2 SLM
are sufficient to act as the primary drivers of CA2 output, perhaps
mediating the effects of these neurons in social memory storage
(Hitti and Siegelbaum, 2014; Stevenson and Caldwell, 2014;
Smith et al., 2016). Such results demonstrate how the combina-
tion of synaptic and extrasynaptic dendritic properties act in
concert to influence the efficacy of a given synaptic input in driv-
ing neuronal output in a compartment and input-specific man-
ner, thereby actuating circuit-specific computations performed
by distinct classes of neurons.
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