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Abstract—N-methyl-p-aspartate receptor-mediated ( spikes can be causally linked to the induction of synaptic
long-term potentiation (LTP) in hippocampal and cortical pyramidal cells. However, it is unclear if they regulate
plasticity at a local or global scale in the dendritic tree. Here, we used dendritic patch-clamp recordings and cal-
cium imaging to investigate the integrative properties of single dendrites of hippocampal CA3 cells. We show that
local hyperpolarization of a single dendritic segment prevents NMDA spikes, their associated calcium transients,
as well as LTP in a branch-specific manner. This result provides direct, causal evidence that the single dendritic
branch can operate as a functional unit in regulating CA3 pyramidal cell plasticity.

This article is part of a Special Issue entitled: Dendrites. © 2021 The Author(s). Published by Elsevier Ltd on behalf of IBRO.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Each neuron in the brain receives thousands of synaptic
inputs on its dendrites (London and Hausser, 2005;
Hawkins and Ahmad, 2016), originating from local and
recurrent neuronal circuits, as well as from long-range
projecting neurons. Dendrites can integrate these inputs
linearly (Cash and Yuste, 1998) such that when a suffi-
cient number are active at the same time, the summed
depolarization will reach the threshold for the generation
of an action potential (AP) and hence lead to transfer of
information to postsynaptic targets (Cash and Yuste,
1999). However, under certain conditions, co-active
inputs can result in supralinear events called dendritic
spikes (dSpikes) (Spruston, 2008; Major et al., 2013).
dSpikes come in various forms and are usually classified
based on their duration, threshold and most importantly
the type of conductance that constitutes them. Generally,
dSpikes fall into three main classes: sodium (Na*) spikes
(Ariav et al., 2003; Remy et al., 2009; Kim et al., 2015),
calcium (Ca2™") spikes (Kampa et al., 2006; Rancz and
Hausser, 2006; Suzuki and Larkum, 2017), and N-
methyl-p-aspartate receptor-mediated (NMDA) spikes
(Major et al., 2008, Palmer et al., 2014, Augustinaite
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et al., 2014; for a comparison of the three types see also
Antic et al., 2010, Stuart and Spruston, 2015). Due to the
Ca%* permeability of NMDA receptors, NMDA spikes are
accompanied by a fast rise in the local dendritic cytosolic
Ca?* concentration (Chalifoux and Carter, 2011;
Oikonomou et al., 2012; Kumar et al., 2018). In hippocam-
pal pyramidal cells, such NMDAR-dependent, branch-
specific Ca?* transients have been described both
in vitro (Makara and Magee, 2013; Brandalise et al.,
2014, Basu et al.,, 2016) and in vivo (Sheffield and
Dombeck, 2015; Sheffield et al., 2017; Rashid et al.,
2020). They are positively correlated with AP discharges
(Makara and Magee, 2013; Grienberger et al., 2014) as
well as synaptic long-term potentiation (LTP)
(Brandalise et al., 2016). However, despite the close rela-
tionship between local NMDA spikes and the induction of
LTP in various brain areas (Gambino et al., 2014; Cichon
and Gan, 2015; Bono and Clopath, 2017; Topolnik and
Camire, 2019), causal evidence is still lacking. The diffi-
culty in establishing a causal link is in part due to the fact
that NMDA spikes as measured at the soma may origi-
nate from multiple dendritic branches and hence affect
plasticity processes globally. To determine the causal
relationship between locally generated NMDA spikes
and subsequent plasticity it is necessary to elicit and inter-
rogate them locally at single dendritic branches.

Here, we use simultaneous electrical recordings from
the soma and dendrite of CA3 pyramidal neurons,
combined with Ca®* imaging, to evaluate the role of
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locally generated NMDA spikes in synaptic plasticity.
Local dendritic hyperpolarization prohibits the generation
of branch-selective NMDA spikes and Ca®* events, and
prevents synaptic LTP. When NMDA spikes are
generated in multiple branches, local hyperpolarization
prevents Ca?* events and LTP only in the recorded
dendrite. Together, these data underscore a powerful
causal relationship between locally triggered NMDA
spikes and the induction of synaptic LTP.

EXPERIMENTAL PROCEDURES
Preparation of hippocampal slice cultures

All experiments described here were performed in rat
organotypic slice cultures (Brandalise and Gerber, 2014;
Brandalise et al., 2016), following a protocol approved
by the Veterinary Department of the Canton of Zurich (ap-
proval ID 81-2014). The cultures were prepared from 6-
day-old Wistar rats using the Gahwiler method
(Gahwiler, 1981), which results in a quasi-monolayer of
cells that facilitates dendritic imaging. Transverse slices
were obtained (400 um) and placed to coverslips with
clotted chicken plasma. These were stored in sealed test
tubes with serum-containing medium and maintained in a
moving incubator at 36 °C for 21-28 days.

Patch-clamp recordings

Hippocampal slice cultures were mounted in an
electrophysiological recording chamber under a 2-
photon laser scanning microscope (2PLSM), which
allows simultaneous electrophysiological recordings and
calcium imaging. Slice cultures were maintained in an
external recording solution (pH 7.4) containing (in mM):
137 NaCl, 2.7 KCI, 11.6 NaHCOj;, 0.4 NaH,PO4 2
CaCl,, 2 MgCl,, 5.6 p-glucose and 0.001% phenol red
to monitor pH. All experiments were performed at 34 °C.
CA3 pyramidal cells were simultaneously recorded at
the soma and a first-order dendritic branch using whole-
cell recording patch pipettes. Somatic pipettes had a
resistance between 5 and 7MQ and dendritic pipettes
between 9 and 11 MQ. Both somatic and dendritic patch
pipettes were filled with internal solution (pH 7.2)
containing (in mM): 135 K-gluconate, 5 KCI, 10 Hepes,
5 phosphocreatine, 2 MgATP, 0.4 NaGTP and 0.07
CaCl,. For visualization of dendrites and calcium
signals, cell filler Alexa Fluor 495 (Alexa-495; 10 uM)
and the calcium dye Fluo-5F (100 uM) (both from
Molecular Probes) were added to the internal solution.
To prevent spontaneous APs or Na* dendritic spikes,
QX-314 (500 nM) was included in the recording pipette.
To reduce GABAa mediated responses, picrotoxin
(1 mM) was included in the somatic electrode. Average
resting membrane potential (RMP) of the recorded cells
was —63.8 £ 4.6 mV (mean + s.e.m.; n = 14). Voltage
commands were corrected for the liquid junction
potential (8.3 mV). Stimulation strength was calibrated to
keep the postsynaptic responses below the AP
threshold (amplitude 5.6 £ 1.1 mV for rCA3; 7.8
+ 1.6 mV for MF; measured at the soma; n = 14).

Stimulation paradigm

To activate rCA3 synaptic inputs in the apical dendritic
tree, a theta-glass electrode was placed in the stratum
radiatum of CA3, and to activate MF inputs, an
electrode was placed in the dentate gyrus. The theta
glass electrode (tip diameter = 5-20 um) was filled with
extracellular solution. Electrodes were located as close
as possible (10—20 um, see asterisks in Figs. 1A and
2A) to the apical dendrite in different locations until
supralinear events were detected (upon pairing with MF
inputs). The input timing dependent plasticity (ITDP)
protocol consisted of 60 pairings at 0.1 Hz, with the MF
inputs activated after the rCA3 inputs with a 10-ms
delay. Stimulation intensities were set such that
postsynaptic potentials remained below the action
potential threshold. ITDP protocol 1 (ITDP1) included in
addition to the rCA3-MF pairings a 25-ms long
hyperpolarizing square current injection pulse starting at
MF-stimulation onset (~0.1 nA, resulting in ~6 mV drop
in membrane potential). ITDP protocol 2 (ITDP2) is
identical to ITDP protocol 1 but without the
hyperpolarizing square pulse. After accessing the cell
with the somatic electrode, but before the ITDP
protocol, part of the apical dendritic arbor was scanned
to locate active branches by applying a few cycles of
rCA3-MF stimulation pairings (~5 on average; with an
interval of 1 minute between stimulations in each FOV).
Of the final two FOVs, one was centered on active
branches, the other on inactive branches.

NMDA spike analysis

To identify the supralinear events (representing NMDA
spikes) in the voltage recordings of each ITDP protocol,
we first normalized all 60 traces to the amplitude of the
baseline-evoked rCA3 EPSP. A histogram of the
maximum amplitudes revealed a bimodal distribution.
The traces representing the EPSP amplitudes that
belonged to the first gaussian were considered linear
responses, whereas those of the second gaussian were
classified as NMDA spikes (for a more detailed
explanation of the analysis see Brandalise et al., 2016).
The NMDA spike probability was calculated as the ratio
of the traces that were classified as NMDA spikes over
the total number of traces (60). The normalized NMDA
spike amplitude was represented as the percent increase
from the amplitude of the mean linear response.

Two-photon Ca?* imaging

For Ca®?* imaging, neurons were dialyzed with internal
solution containing Fluo-5F (100 uM) and Alexa-495
through the dendritic recording pipette for at least
10 min before imaging was performed. Neurons were
imaged using a 2PLSM (Scientifica) equipped with a Ti:
sapphire laser (Tsunami, Spectra Physics) tuned to
840 nm and a 40x water-immersion objective lens (0.8
NA, Olympus). The laser power under the objective was
typically between 10 and 15mW. Emitted fluorescence
was detected using two photomultiplier tubes, and
spectrally separated using 525/50 nm (green channel)
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Fig. 1. Experimental configuration and differentiation between MF and rCA3 inputs. (A) Schematic depicting the positions of the recording and
stimulation electrodes. The recording electrodes were placed in the stratum pyramidale (SP) and in the stratum radiatum (SR), respectively. Two
stimulating electrodes were placed in the CA3 SR (blue) and in the dentate gyrus (DG; red) to excite CA3r and MF input, respectively. (B)
Representative current traces of a paired stimulation with a 50-ms interval between the two pulses with the pooled data plots. Each point represents
a recorded neuron. MF inputs to CA3 PCs evoke significant paired-pulse facilitation whereas rCA3 stimulation induce either paired-pulse facilitation
or depression. The latency between the stimulation artefact and the EPSP is longer when stimulating MF as opposed to rCA3. Bath perfusion of
DCG-IV (2 uM), an mGIu2R agonist, significantly reduces mossy fiber responses but not rCA3 responses. (C) The ratio of dendritic and somatically
recorded EPSP amplitudes (D/S) upon MF stimulation, as a function of the distance of the dendritic recording pipette from soma. The negative
relationship indicates that the ESPS are passively filtered along the dendrites. (D, E) Two dendritic recordings in which rCA3 and MF input
stimulation with 10-ms delays (grey traces) frequently results in supralinear events (red traces) that can be distinguished from linear events (black
traces) after normalization to the rCA3 EPSPs (see Methods). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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and 620/60 nm (red channel) emission filters. Scanning
and image acquisition were controlled by HelioScan
software (Langer et al., 2013). Recordings of Fluo-5F flu-
orescence (Ca2") transients were acquired at a 10 Hz
frame rate with the imaging fields (100 x 100 pixels, at
a 0.3 um/pixel resolution) encompassing several
dendrites.

In order to record Ca®™ transients in several branches
for each experiment, 2 FOVs were imaged alternatingly
over the 60 pairings of the ITDP protocols, resulting in
data sets consisting of 30 responses for each FOV. This
was preferred over simultaneous data acquisition from
multiple FOVs as this would have resulted in images
with insufficient resolution for detailed analysis. We
have previously found no change in the probability of
evoking an NMDA spike over the time course of the 60
pairings (Supplementary Fig. 4 in Brandalise and
Gerber, 2014).

At the end of each experiment, z-stacks of the
fluorescently labelled cells were acquired to verify that
the recorded neurons were indeed CA3 pyramidal cells.
The z-stacks were also used to estimate the distance
between the somatic and dendritic recording electrode.
Data were analyzed with NIH ImageJ and Igor Pro
(WaveMetrics) software. In ImagedJ, dendritic segments
were manually drawn as regions of interest (ROIls).
Ca’* signals were expressed as AF|F = (F — Fo)/Fo
where F and baseline F, represent mean fluorescence
values in an ROI. A Ca®™ transient was considered as a
signal when its amplitude was greater than two times
the standard deviation (s.d.) of the noise (~7%). Ca?*
transients that were temporally locked to the electrical
stimulation were temporally integrated over a 2-s post-
stimulus window, using custom-written scripts in
MATLAB (units of ‘%s’; after subtraction of the mean
AF/F in a 1-s pre-stimulus baseline window).

Statistical analysis

All data are expressed as the mean + s.e.m. A total
amount of 7 rats were used for this work. From each
brain it was possible to obtain ~10-15 organotypic
slices. 2 recordings per rat were included in the data

set, and each recording was from a different slice
culture. No data sets were excluded from analysis.
Statistical analyses were performed using Origin 2016
(OriginLab) as well as GraphPad PRISM 2019.
Statistical significance was calculated using non-
parametric tests (Wilcoxon matched-pairs signed rank
test for paired comparisons; Kruskal-Wallis test for
comparison between more than two groups).

Data availability

The authors declare that the experimental results
supporting the findings are included in the article and
are available upon reasonable request.

RESULTS

Locally generated NMDA spikes are sufficient and
necessary for rCA3 and MF pairing-induced LTP

Hippocampal CA3 pyramidal cells (PCs) receive
excitatory input in a spatially segregated manner from
mossy fibers (MFs) on the initial portions of apical and
basal dendrites, from recurrent axons from neighboring
CA3 pyramidal cells (rCA3s) on more medially located
apical and basal dendrites, and from perforant-path
axonal fibers originating in the entorhinal cortex on distal
portions of the apical dendrites (Fig. 1A) (Amaral and
Witter, 1989). Here, we performed dual electrical record-
ings from the soma and dendrites of single CA3 PCs in
organotypic slice cultures of rat hippocampus, while
sequentially stimulating rCA3 and MF afferents. By using
theta-glass electrodes, we aimed at focal stimulation of
rCA3 afferents close to CA3 PC dendrites (see Methods).
This protocol has previously been shown to generate
NMDA spikes and synaptic plasticity (Brandalise and
Gerber, 2014; Brandalise et al., 2016). MF and rCA3
synapses onto CA3 PCs have been shown to be function-
ally distinct (Debanne et al., 1995; Kamiya et al., 1996;
Salin et al., 1996; Mori et al., 2004). Therefore, to verify
that we could independently stimulate these two inputs,
we evaluated the properties of EPSPs generated by
either the MF or rCA3 stimulation electrode. As compared
to rCA3 inputs, MF inputs showed longer response onset

>

Fig. 2. Local dendritic hyperpolarization prevents focal stimulation-evoked NMDA spikes and LTP. (A) Left, schematic of the dendritic and somatic
patch-clamp recordings in CA3 cells, and the paired stimulation of rCA3 and MF inputs. rCA3 axons are focally stimulated near the dendritic
electrode, which predominately activates synapses on the recorded dendrite. Right, a CA3 pyramidal neuron filled with Fluo-5F and Alexa-495,
imaged in the Alexa channel, which visualizes the soma, dendrites as well as the somatic and dendritic electrodes. FOV 1 and 2 refer to the
examples provided in (F-H). (B) Focal stimulation of rCA3 inputs results in larger amplitudes and shorter rise times of the EPSPs in the dendritic
(green) as compared to the somatic (blue) recordings (P = 0.005; P = 0.004) (C) Protocols for input timing dependent plasticity (ITDP), consisting
of rCA3-EPSPs baseline recordings (pre-ITDP) followed by 60 paired rCA3 and MF stimulations at 0.1 Hz, and another series of rCA3-EPSP
recordings (post-ITDP), both at the dendrite (green) and the soma (blue). During the first series of pairings (ITDP 1) a hyperpolarizing step was
delivered through the dendritic recording pipette immediately following mossy fiber stimulation. In the second series of pairings (ITDP 2) this
hyperpolarization step was omitted. During ITDP 1, only linear responses (black traces) could be detected at the soma and dendrite, and the post-
ITDP 1 rCA3 EPSP amplitude was similar to the pre-ITDP 1 EPSP. During ITDP2, NMDA spikes (red traces) were also detected both at the soma
and the dendrite, and the post-ITDP2 rCA3 EPSP amplitude was increased. (D) Pooled data for the percentage of paired stimulations that evoked
NMDA spikes during ITDP 1 and ITDP 2 at the soma (blue) or at the dendrites (green). (E) Pooled data for the rCA3 EPSP amplitudes normalized to
baseline after ITDP 1 (1) and ITDP 2 (2), indicating a significant increase after ITDP 2 (P = 0.0004). (F) Top, examples of pairing-evoked Ca?™*
transients in two portions of the dendritic tree (FOV 1 and FOV 2) of the recorded cell. The lines delimit the individual dendritic branches in which the
transients were analyzed. Bottom, the Fluo-5F AF/F fluorescence change for one pairing trial (arrow in (H)). (G) Example Ca?* transients from the
ROls in (F), recorded during 5 representative consecutive pairings (green bars) during ITDP 1. Trials with linear (“—") and supralinear (“+") EPSP
summation are indicated. Ca?* transients for FOV1 and FOV2 were averaged separately for linear and supralinear trials. (H) Same as (H) but
during ITDP 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Correlation of rCA3-evoked EPSPs and MF-rCA3-evoked NMDA spikes with the distance along the dendritic tree. Rise time (A) and
amplitude (B) of rCA3 EPSPs as a function of the distance of the dendritic electrode location from the soma. Percentage of NMDA spikes (C) and
amplitude of the branch-constrained calcium transients detected during the ITDP 2 protocol (D) as a function of the distance of the dendritic
electrode location from the soma.

+ 1%, n = 8, P = 0.19; Fig. 1B). These distinct charac- dendrites, which branch off from the first order branches
teristics agree with previous findings (Brandalise and that we recorded from (Fig. 2A), the stimulation typically
Gerber, 2014) and indicate that our electrode configura- resulted in a greater amplitude and a faster rise time of
tion provided selective access to either synaptic pathway. the postsynaptic response at the dendritic recording
In addition, we found that MF-mediated depolarizations electrode (green) as compared to the somatic electrode
could passively spread to the medial portion of the den- (blue) (Fig. 2B; amplitude: 8.4 £ 3.1mV for the
drites as could be measured by the dendritic recording dendrite; 5.0 = 1.2mV for the soma; P = 0.005; rise
pipette (Fig. 1C), suggesting that MF inputs are able to time: 6.4 + 0.4 ms for the dendrite; 8.5 + 0.5 ms for the
interact with rCA3 inputs at the dendritic level. Indeed, soma; P = 0.004; n=29). The dendritic rise times
the combined sequential stimulation of rCA3 and MF with inversely correlated with the pipette’s distance from the
a 10-ms delay induced supralinear events in a substantial soma (r = 0.63; Fig. 4A). Similarly, the amplitude of the
fraction of the trials (red traces in Fig. 1D; see methods for dendritically recorded rCA3 EPSPs correlated with the
classification criteria), which were previously shown to distance from the soma (r = 0.80; Fig. 4B). These data
correspond to NMDA spikes (Brandalise and Gerber, confirm that the electrotonic distance of the recording
2014; Brandalise et al., 2016). pipette to the rCA3 synaptic inputs decreases when the
Before applying any plasticity protocols (Figs. 2 and 3) recordings are located closer to the apical dendritic tufts
we first recorded baseline excitatory postsynaptic (Brandalise and Gerber, 2014).
potentials (EPSPs) evoked by rCA3 stimulation alone Then we applied two input timing dependent plasticity
for at least 10 mins (Fig. 2A, B). Since rCA3 axons (ITDP) protocols (Dudman et al., 2007) of 60 rCA3-MF
make synaptic contacts mainly with secondary order paired stimuli at 0.1 Hz to evaluate the role of dendritic
<

Fig. 3. Local dendritic hyperpolarization does not prevent stimulus-evoked NMDA spikes and LTP in branches other than the recorded dendrite. (A)
Left, schematic of the dendritic and somatic patch-clamp recordings in CA3 cells, and the paired stimulation of rCA3 and MF inputs. rCA3 axons
distant from the recording electrode are stimulated, which predominantly activates synapses that are not located on the recorded dendrite. Right, a
CAS3 pyramidal neuron filled with Fluo-5F and Alexa-495, imaged in the Alexa channel, which visualizes the soma, dendrites as well as the somatic
and dendritic electrodes. FOV 1 and 2 refer to the examples provided in (F-H). (B) distant stimulation of rCA3 inputs results in smaller amplitudes
and longer rise times of the EPSPs in the dendritic (green) as compared to the somatic (blue) recordings (P = 0.01, P = 0.007). (C) Protocols for
input timing dependent plasticity (ITDP), consisting of rCA3-EPSPs baseline recordings (pre-ITDP) followed by 60 paired rCA3 and MF stimulations
at 0.1 Hz, and another series of rCA3-EPSP recordings (post-ITDP), both at the dendrite (green) and the soma (blue). During the first series of
pairings (ITDP 1) a hyperpolarizing step was delivered through the dendritic recording pipette immediately following mossy fiber stimulation. In the
second series of pairings (ITDP 2) this hyperpolarization step was omitted. During both ITDP 1 and ITDP 2, linear responses (black traces) and
NMDA spikes (red traces) could be detected at the soma and dendrite. For both protocols, the post-ITDP rCA3 EPSPs amplitudes were increased at
the soma, but only for ITDP 2 at the dendrite. (D) Pooled data for the percentage of paired stimulations that evoked NMDA spikes during ITDP 1 and
ITDP 2 at the soma (blue) or at the dendrites (green) (E) Pooled data for the rCA3 EPSP amplitudes normalized to baseline after ITDP 1 (1) and
ITDP 2 (2), indicating a significant increase after ITDP 1 and 2 (F) Top images, examples of pairing-evoked Ca®* transients in two portions of the
dendritic tree (FOV 1 and FOV 2) of the recorded cell. The lines delimit the individual dendritic branches in which the transients were analyzed.
Bottom images, the Fluo-5F AF/F fluorescence change for one pairing trial (arrows in (G, H)). (G) Example Ca?* transients from the ROlIs in (F),
recorded during 5 representative consecutive pairings (green bars) during ITDP 1. Trials with linear (“—") and supralinear (“+") EPSP summation
are indicated. Ca?* transients for FOV1 and FOV2 were averaged separately for linear and supralinear trials. (H) Same as (H) but during ITDP 2.
(D) Pooled data for the percentage of NMDA spikes during ITDP 1 and ITDP 2 both in the soma (blue) and in the dendrites (green). (E) Plots of
EPSP time course. (F) Same CA3 pyramidal neuron labelled with Fluo-5F (F) Fluorescence measurements to detect pairing-induced Ca?*
transients were obtained in 4 ROIs in FOV 1 and 5 ROls in FOV 2 for different portion of apical dendritic branches. Middle and bottom image shows
localized Fluo-5F AF/F fluorescence change for one pairing trial (indicated by a black arrow in (H) or (I)). (H) Example Ca" transients from ROls
selected in (G), recorded during 5 representative consecutive pairings in ITDP 1 (green bars). Trials with linear (“—”) and supralinear (“+”) EPSP
summation are indicated. Ca* transients for FOV1 and FOV2 were averaged separately for linear and supralinear trials. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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NMDA spikes in the induction of LTP at rCA3 synapses
(Fig. 2C) (Brandalise et al., 2016). In the first protocol
(ITDP1) we attempted to block NMDA spikes by applying
hyperpolarizing current in the dendrite, whereas they
were allowed to occur in the second (ITDP2). After each
series of pairings, EPSPs evoked by only rCA3 stimula-
tion were measured (post-ITDP EPSPs) and compared
to the pre-ITDP EPSPs to assess the level of LTP. To rule
out a possible contribution of spontaneous APs or den-
dritic Na™ spikes during the protocol (Golding and
Spruston, 1998), QX-314 (500 uM) was included in the
dendritic recording pipettes.

We hypothesized that by hyperpolarizing the recorded
dendrite we would reduce the opening of the voltage-
dependent NMDA receptor channels mainly locally in
this dendritic compartment and thereby prevent the
triggering of NMDA spikes. Indeed, the negative current
injection applied during ITDP1 (~0.1nA for 25 ms,
resulting in ~6mV drop in membrane potential),
provided simultaneously with the MF simulation, almost
entirely prevented the generation of NMDA spikes at
both the dendritic compartment (fraction of pairing
stimuli with non-linear events: 4.8 + 1.6%, n = 9) and
the soma (4.0 £ 1.4%, n=19) (Fig. 2C, D). The
amplitude of the rCA3 EPSPs was not affected by the
ITDP1 protocol (soma: 5.2 + 0.1 mV pre-ITDP1, 55
+ 0.1 mV post-ITDP1, P = 0.4, n = 9; dendrite: 7.7
+ 0.2mV  pre-ITDP1, 7.8 £ 0.1 mV  post-ITDP1,
P =10.7,n = 9; Fig. 2D, E).

The ITDP2 pairing protocol, for which the same
stimulation intensities were used as in ITDP1 but the
hyperpolarization step was omitted, successfully evoked
NMDA spikes in a considerable fraction of the rCA3-MF
pairings, significantly higher compared to ITDP1 and
visible at both the dendrite (49.5% + 3.5%, P = 0.001
vs ITDP1, n=29), and the soma, albeit with a
dampened amplitude (48.6 £ 3.4%, P = 0.002 vs
ITDP1, n =9) (Fig. 2C, D). The fraction of trials that
produced NMDA spikes (recorded at the dendrite)
increased with the distance of the recording pipette to
the soma (r = 0.53; Fig. 4C), suggesting that they are
generated locally in the more medial portions of the
dendritic tree where the rCA3 synapses are located. In
contrast to ITDP1, ITDP2 caused significant increase in
the rCA3 EPSP amplitude at the dendritic compartment
(7.8 £ 0.1 mV pre-ITDP2; 13.4 + 0.4 mV post-ITDP2,
P =0.0004, n=9) as well as at the soma (5.5
+ 0.1mV pre-ITDP2; 9.6 £ 0.5mV  post-ITDP2,
P = 0.0001, n=29) for the whole duration of the
recordings after ITDP2 (up to 20 min). This data
confirms our previous observation that the repeated
sequential pairing of MF and rCA3 inputs selectively
drives LTP of the rCA3 inputs (and not of MF inputs;
Brandalise and Gerber, 2014; Brandalise et al., 2016).

We asked whether the effect of the different
stimulation protocols might also visible in the dendritic
Ca?* signals, which we previously showed are
associated with the NMDA spikes (Brandalise et al.,
2016). Simultaneous 2PLSM imaging of Fluo-5F in at
least 2 different fields of view (FOVs) (~30 stimulations
each; Fig. 2F; Methods) revealed a negligible fraction of

local Ca®* transients in coincidence with the paired stim-
ulations during ITDP1 (2.2 + 0.4%, n = 9; Fig. 1G, H),
whereas such events were readily detected in the same
FOVs during ITPD2 (45.6 + 4.3%, n = 9; Fig. 2G, H).
The Ca?* transients remained confined to single
branches (width: 13.5 &+ 2.2 um, n = 9 cells), and were
detected in at least one of the branches connected to
the recording electrode (AFIF=63+6 %, n=29;
Fig. 11) in high coincidence with the supralinear potentials
(92.2 + 4.5%, n = 9). In accordance with the electric
dendritic recordings, the amplitude of the Ca®" transients
increased with the distance from the soma (r = 0.61,
Fig. 4D), which supports the notion that NMDA spikes
are generated locally and close to the rCA3 synapses.
Together, this data shows that the reduction of NMDA
channel openings at a segment of the dendritic tree pre-
vents the local onset of NMDA spikes and consequently
the induction of LTP.

NMDA spikes are independently generated at
different branches and induce branch-constrained
LTP

In a second set of experiments we placed the theta glass
electrode slightly more distal from the dendritic electrode.
We reasoned that this may lead to a strong activation of
more dendritic branches than the one we were
recording from (see schematic in Fig. 3A). Indeed,
stimulation resulted in postsynaptic responses with
lower amplitudes and slower rise times at the dendritic
compartment (green) as compared to the soma (blue)
(Fig. 3B; amplitude: 3.9 £ 1.0mV dendrite, 6.2
+ 1.0mV soma, P = 0.01; rise time: 7.8 =+ 1.0ms
dendrite, 5.7 £ 0.7 ms soma; P = 0.007; n = 5). This
confirms that the majority of the activated synapses
were on average in closer proximity to the somatic
recording electrode than to the recorded dendritic
compartment.

Similar to the first set of experiments, we delivered two
ITDP pairing protocols, the first one while hyperpolarizing
the recorded dendrite with a negative current injection
(ITDP1, Fig. 3C), and a second while leaving the resting
membrane potential unaltered (ITDP2, Fig. 3C). Again,
we reasoned that a local hyperpolarization should
mainly affect the recorded dendrite and to a lesser
extent the rest of the dendritic tree. Hence, because the
majority of the activated rCA3 inputs are presumably
broadly distributed over the dendritic tree, their capacity
to trigger NMDA spikes at other locations should not, or
only slightly, be affected. Consistent with this
hypothesis, during ITDP1, no NMDA spikes were
detected in the recorded dendritic compartment (3.7
+ 1.3%, n = 5), whereas a significantly higher number
could be identified through the somatic electrode (30.8
+ 4.6%, n =5, P = 0.003). The latter events putatively
originated from branches in parts of the dendritic tree
different from where the recorded compartment was
located. The absence of NMDA spikes at the
hyperpolarized dendritic compartment was not due to a
lack of converging inputs on this segment, since
numerous supralinear events could be detected upon
the omission of the hyperpolarizing step during ITDP2

Please cite this article in press as: Brandalise F et al. Dendritic Branch-constrained N-Methyl-p-Aspartate Receptor-mediated Spikes Drive Synaptic Plasticity in Hippocampal CA3 Pyramidal Cells. Neuroscience (2021),
https://doi.org/10.1016/j.neuroscience.2021.10.002

365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

382
383
384

385
386

388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423


https://doi.org/10.1016/j.neuroscience.2021.10.002

424

426
427
428

430
431
432

434
435
436
437

440

474

475
476
477
478
479
480
481
482

NSC 20360
18 October 2021

No. of Pages 12

F. Brandalise et al./Neuroscience xxx (2021) XXx—xxx 9

(Fig. 3C). In fact, ITDP2 evoked a similar number of
supralinear events at both the dendritic and somatic
compartments (57.4 + 4.2% for the soma; 56.1 + 3.7%
for the dendrite, n = 5, P = 0.2). Nonetheless, at the
soma they had a higher amplitude as compared to
those triggered during ITDP1 (from 7.3 £ 0.7mV to
104 £ 1.1 mV, P = 0.002, n = 5, Fig. 3C), presumably
due to the summation of the depolarization induced by
the NMDA spikes originated at the two different dendritic
compartments (FOV1 and FOV2) and converging at the
soma.

Upon both ITDP1 and ITDP2, we found a significant
increase in the rCA3 EPSPs at the soma (Fig. 3C;
ITDP1: from 5.9 + 0.2mV to 7.8 £ 0.3 mV, P = 0.005,
n=>5; ITDP2: from 7.8 £ 0.3mV to 10.2 £ 0.9 mV,
P = 0.0007, n=05), indicating that LTP had been
induced at a broad number of synapses. Interestingly,
only a small increase in rCA3 EPSP amplitudes was
detected at the dendritic compartment upon ITDP1, but
this was statistically non-significant (from 4.1 + 0.4 mV
pre-ITDP1 to 4.5+ 0.1mV postITDP1, P = 0.08,
n = 5). This increase became statistically significant
after release of the local hyperpolarization step during
ITPD2 (from 5.5 + 0.1 mV pre-ITDP2 to 8.3 + 0.5 mV
post-ITDP2, P = 0.0003, n =15). Together, this
suggests that NMDA spikes generated at various places
in the dendritic tree do not readily induce LTP in
branches that remain hyperpolarized during the pairing,
which is consistent with the NMDAR-dependency of
synaptic LTP.

The results of the electrophysiological analysis were
confrmed by the Ca®?" imaging data. Using
simultaneous 2PLSM from 2 FOVS (Fig. 3F), we failed
to detect dendritic Ca®* transients in the recorded
dendritic compartment (Fig. 3G, H, 3.7 = 1.2% for
FOV1, n=15) but we did detect events on other
branches (57.8 + 9.6%, for FOV2). The Ca2™" transients
in FOV2 had a very high coincidence with the NMDA
spikes recorded at the soma (89.4 + 3.4% n = 5).
Interestingly, the amplitudes of the Ca®* transients in
FOV2 were not significantly different between ITDP1
and ITDP2 (ITDP1: AF/F = 57.2 + 12.3%; ITDP2: AF/
F=598 + 142%, P=0.8, n=5) as well as the
spatial spread of the Ca?* signal within the branch
(11.7 £ 24um, P = 0.7, n=5). This demonstrates
that the Ca®* influx detected at each branch was not
propagating or diffusing to the neighboring dendrites.
Instead they remained confined to the region where they
originated, independently of the numbers of the
activated branches.

DISCUSSION

We investigated the role of localized NMDA spikes in
inducing LTP at recurrent synapses of CA3 cells in rat
hippocampal slices, using dendritic and somatic patch
clamp recordings combined with simultaneous imaging
of dendritic Ca®* transients. We induced NMDA spikes
and LTP using an ITDP protocol that consisted of the
repetitive paired stimulation of rCA3 and MF inputs
(Brandalise and Gerber, 2014). In this protocol the activa-

tion of MF inputs on the apical trunk (with a 10-ms delay
after the rCA3 activation) generates a powerful sub-
threshold response that relieves the magnesium block
at rCA3 synapses, and thereby acts as a gate for the
induction of supralinear NMDA-mediated synaptic
responses and LTP at rCA3 synapses (Brandalise and
Gerber, 2014). By using focal synaptic stimulation of
rCA3 fibers we met the biophysical requirements for
inducing NMDA spikes (Schiller et al., 2000), i.e. the acti-
vation of a cluster of synapses on a few targeted
branches along with the opening of extra-synaptic recep-
tors (Larkum and Nevian, 2008; Chalifoux and Carter,
2011; Kleindienst et al., 2011; Oikonomou et al., 2012).
Despite the fact that we could only target primary den-
drites with our recording electrodes, the simultaneous
use of 2PLSM revealed that the rise of cytosolic Ca2™,
which is associated with the NMDA spikes, originated
preferentially in the thinner, secondary-order dendrites,
as previously described (Polsky et al., 2004; Losonczy
et al., 2008; Branco et al., 2010). By using a local hyper-
polarization step, applied via the dendritic electrode, we
prevented the focal stimulation from triggering NMDA
spikes along the patch-clamped dendrite, which confirms
that the initiation of these spikes depends on local, pre-
sumably synaptic mechanisms (Lisman, 2017). The local
hyperpolarization also countered an increase of rCA3
non-paired synaptic responses, which would normally
occur after multiple pairings (Brandalise et al., 2016). This
indicates that subthreshold responses per se do not
induce LTP, which confirms the strong dependency of
synaptic plasticity on dSpikes in this paradigm
(Brandalise et al., 2016). The absence of a potentiation
effect was not due to a lack of synaptic mechanisms for
LTP at other locations, since a second ITDP protocol in
which hyperpolarization was omitted did evoke LTP.
These results did not, however, exclude the possibility
that the dendritic hyperpolarization had prevented open-
ing of NMDA receptors on other branches. By moving
the stimulation electrode further away from the dendritic
recording electrode, we were able to activate synapses
located on other branches. This allowed us to test how
a local hyperpolarization of one dendritic segment would
impact synapses on adjacent branches. In this experi-
ment, the local hyperpolarization did not prevent the gen-
eration of NMDA spikes in other branches, as shown by
2PLSM of Ca2* events, as well as by the occurrence of
supralinear events at the soma. Interestingly, under these
conditions LTP could be evoked as measured at the
soma, which was likely due to plasticity of synapses at
distant locations from the recorded dendrite. Indeed,
and not unexpectedly, LTP was not observed at the den-
dritic compartment that was hyperpolarized. This is in line
with the finding that this type of LTP depends on synaptic
NMDA receptors (Dudman et al., 2007; Losonczy et al.,
2008; Brandalise and Gerber, 2014; Brandalise et al.,
2016).

Taken together, our data support the hypothesis that
NMDA spikes and their associated Ca®* transients can
be generated locally in single dendritic branches of CA3
cells (Branco and Hausser, 2010) and that these
branch-constrained NMDA spikes can trigger LTP sepa-
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rately from one another, and thus act as unitary modules
for synaptic plasticity (Branco and Hausser, 2011;
Kastellakis et al., 2015; Mel et al., 2017; Kastellakis and
Poirazi, 2019; Poirazi and Papoutsi, 2020).

What is the physiological relevance of this type of
plasticity (Golding et al., 2002; Lisman and Spruston,
2005; Remy and Spruston, 2007)? As argued previously,
the giant synapses of the MF inputs are thought to have a
detonator-like effect on CA3 neurons, which would be
necessary for spike-timing-dependent LTP (Lisman and
Spruston, 2010). However, MF inputs, originating from
sparsely firing dentate granule cells do not readily evoke
long bursts of action potentials in vivo, and thus it has
been debated as to whether synapses of the local circuitry
could undergo efficient plasticity (Henze et al., 2002). In
accordance with previous work, we show here that the
strong subthreshold depolarization as induced by MF
inputs allows the generation of local NMDA spikes in more
distal dendrites, which is as powerful or perhaps even
more efficient in inducing LTP than back-propagating
APs (Hardie and Spruston, 2009). Therefore, in behaving
animals, appropriately timed subthreshold MF input could
trigger LTP of theta-timed inputs onto CA3 cells from
neighboring CA3 cells, and provide a framework for hip-
pocampal neuronal ensemble formation that is implicated
in memory. Could the local prevention of dSpike genera-
tion be physiologically relevant? Despite the fact that the
square hyperpolarization step that we applied is highly
artificial, it could mimic the effects of physiological events.
For example, local dendritic inhibition can evoke
compartment-specific  hyperpolarization ~ (Murayama
et al., 2009; Dorsett et al., 2021). Such forms of inhibition
may gate the induction of plasticity in protocols where
dSpikes have been observed to be effectors (Cichon
and Gan, 2015; Doron et al.,, 2017; Williams and
Holtmaat, 2019). Other studies have described an inhibi-
tory effect of somatostatin-expressing interneurons on the
coupling between NMDA spikes and somatic bursting
(Lovett-Barron et al., 2012). Activation of interneurons
can also negatively affect the calcium influx occurring dur-
ing a back-propagating action potential (Mullner et al.,
2015). It is feasible that a similar mechanism is involved
in modulating branch-constrained calcium transients
associated with local NMDA spikes. For instance,
interneurons interneurons targeting the upper cortical
layer (such as Martinotti cells) can control dendritic spikes
on the apical part of the layer 5 pyramidal cells; basket
cells on the contrary are more prone to modulate the cal-
cium spikes occurring in the main trunk of the same pyra-
midal cell (Gidon and Segev, 2012). The local
hyperpolarization could also mimic the activity-
dependent modulation of particular ion channel conduc-
tances at dendritic nodes, which have been shown to
strongly regulate local dSpike generation (Soldado-
Magraner et al., 2020; Humphries et al., 2021).
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