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It was recently shown that multiple excitatory inputs to CA1 pyramidal neuron dendrites
must be activated nearly simultaneously to generate local dendritic spikes and supralinear
responses at the soma; even slight input desynchronization prevented local spike initia-
tion (Gasparini and Magee, 2006; Losonczy and Magee, 2006). This led to the conjecture
that CA1 pyramidal neurons may only express their non-linear integrative capabilities dur
ing the highly synchronized sharp waves and ripples that occur during slow wave sleep
and resting/consummatory behavior, whereas during active exploration and REM sleep
(theta rhythm), inadequate synchronization of excitation would lead CA1 pyramidal cells
to function as essentially linear devices. Using a detailed single neuron model, we repli-
cated the experimentally observed synchronization effect for brief inputs mimicking single
synaptic release events. When synapses were driven instead by double pulses, more rep-
resentative of the bursty inputs that occur in vivo, we found that the tolerance for input
desynchronization was increased by more than an order of magnitude. The effect depended
mainly on paired-pulse facilitation of NMDA receptormediated responses at Schaffer col-
lateral synapses. Our results suggest that CA1 pyramidal cells could function as non-linear

integrative units in all major hippocampal states.
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INTRODUCTION
Invitroand modeling studies of both CA1 and neocortical pyrami-
dal neurons have shown that the thin basal and apical branches of
these cells are capable of generating local dendritic spikes (Schiller
et al., 2000; Larkum et al., 2001, 2009; Wei et al., 2001; Ariav et al.,
2003; Gasparini et al., 2004; Jarsky et al., 2005; Milojkovic et al.,
2005; Nevian et al., 2007; Major et al., 2008), and that the voltage-
dependent currents that underlie dendritic spiking can lead to
supralinear summation of two or more spatially convergent exci-
tatory inputs (Shepherd and Brayton, 1987; Mel, 1993; Mel et al.,
1998; Ariav et al., 2003; Poirazi et al., 2003a,b; Polsky et al., 2004;
Losonczy and Magee, 2006; Katz et al., 2009). Losonczy and Magee
(2006) used multi-site two-photon glutamate uncaging to stimu-
late varying numbers of spines on radial oblique dendrites of CA1l
pyramidal neurons, with the goal to map out the spatio-temporal
requirements for triggering local spikes in these branches. Unlike
Polsky et al. (2004) who found that two inputs to a layer 5 basal
dendrite could sum supralinearly when the second input was deliv-
ered up to 40 ms after the first, this study found that supralinear
summation in CAl oblique dendrites occurred only when a set
of spines on a single branch was activated within a very narrow
time window — typically within 6 ms or less. When the stimulus
was spread over a longer period, a local spike generally did not
occur and the post-synaptic response instead grew linearly with
the number of activated spines.

The demonstration of such a brief (6 ms) window for supralin-
ear interaction in CAl oblique dendrites is striking, as it implies

that the triggering of dendritic spikes can tolerate only a few
milliseconds of dispersion in the volley of action potentials car-
ried by the CA3 axons providing input to a specific dendritic
branch. Magee and colleagues proposed that this very narrow
window of opportunity for spike generation in oblique dendrites
could allow CA1 neurons to respond selectively — or at least dif-
ferently — to the highly synchronized inputs that occur during
hippocampal sharp waves and high-frequency ripples as opposed
to the more loosely synchronized inputs riding on theta waves
(Gasparini and Magee, 2006; Losonczy and Magee, 2006). This
hypothesis is important, since it points to a concrete biophysical
mechanism for distinguishing between two major hippocampal
states at the level of CAl dendrites. The hypothesis also makes
the interesting and somewhat unintuitive prediction that when
an animal is actively involved in exploring its environment and
engaged in hippocampus-dependent navigation or episodic mem-
ory tasks, the principal neurons of the CA1 region are functioning
as essentially linear devices (see also Cash and Yuste, 1999).

An alternative possibility, and one that we explore in this work,
is that the single-pulse stimulus protocol used in Losonczy and
Magee (2006) is relatively ineffective at activating NMDA receptor-
mediated conductances within the post-synaptic compartment, in
comparison to the short bursts of spikes typical of Schaffer col-
lateral activation in vivo (Ranck, 1973; Suzuki and Smith, 1985;
Mizuseki et al., 2009). While it is the case that CA3 neurons dis-
charge at very low frequencies on average (1-3 Hz; Csicsvari et al.,
2000; Frerking et al., 2005), during the theta rhythm they typically

Frontiers in Computational Neuroscience

www.frontiersin.org

November 2011 | Volume 5 | Article 44 | 1


http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/editorialboard
http://www.frontiersin.org/Computational_Neuroscience/about
http://www.frontiersin.org/Computational_Neuroscience/10.3389/fncom.2011.00044/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=34937&d=1&sname=JOSEGOMEZ&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=2119&d=1&sname=BartlettMel&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=34323&d=1&sname=Panayiota_(Yiota)Poirazi&name=Science
mailto:poirazi@imbb.forth.gr
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Gomez Gonzélez et al.

NMDA-dependent non-linear dendritic integration

fire bursts of 1-4 spikes (2.4 spikes per burst on average) with
inter-spike-intervals (ISIs) ranging from 3 to 7 ms (Ranck, 1973;
Tropp-Sneider et al., 2006; Mizuseki et al., 2009). This type of fir-
ing pattern is significant since, beyond the opportunity for classical
temporal summation afforded by a train of inputs, glutamate bind-
ing kinetics lead NMDA conductances to increase substantially in
response to brief trains compared to single stimuli (Mainen et al.,
1999; Umemiya et al., 1999; Mcallister and Stevens, 2000; Oert-
ner et al., 2002; Nimchinsky et al., 2004; Popescu et al., 2004;
Polsky et al., 2009). Functionally, the increased NMDA conduc-
tance resulting from a train of inputs — even just two glutamate
releases — can lead to a marked enhancement of the supralinear
interaction between synaptic inputs (see comparison of summa-
tion of single-pulse vs. double-pulse inputs in Polsky et al., 2004
and for different inter-stimulus-intervals in Polsky et al., 2009).
Given that NMDA currents can produce regenerative spike-like
depolarizations lasting many tens of milliseconds, easily outlasting
the burst of spikes that triggered it, we hypothesized that stronger,
longer lasting NMDA channel activation evoked by multi-pulse
stimuli might significantly widen the very narrow time window
reported by Magee and colleagues during which supralinear sum-
mation of synaptic inputs can occur. If this is the case, the reduced
demands for input synchronization afforded by stronger NMDA
channel activation could allow dendritic spikes to routinely occur
in all major hippocampal states.

To investigate these issues, we used a detailed compartmen-
tal model of a CAl pyramidal neuron based on one described
previously (Poirazi et al., 2003a). The model was adapted to five
different reconstructed morphologies for this study (Figure 1),
and slightly modified to fit the experimental data of Losonczy and
Magee (2006), and to incorporate evidence in pyramidal neurons
for the non-saturation of NMDA receptor-mediated conductances
by single glutamate pulses. We first replicate the main findings

of Losonczy and Magee (2006), including the very brief win-
dow for non-linear integration using single-pulse stimuli. We then
show that double-pulse stimuli increase a CA1 pyramidal neuron’s
tolerance for input asynchrony by at least an order of magnitude.

MATERIALS AND METHODS

The multi-compartmental model used in this work is based on
the previously described model in Poirazi et al. (2003a) and
was adapted here for each CAl pyramidal neuron morphology
(Figure 1). The model was implemented in NEURON (Hines and
Carnevale, 1997) with a fixed time step of 0.1 ms.

MODEL MORPHOLOGIES

Five young CA1 pyramidal neuron morphologies from the Duke—
Southampton archive of neuronal morphology at the NEURON
database (http://neuron.duke.edu.) were adapted to be used in
this work (Figure 1). The neurons are the typical CAl cells from
in vitro hippocampal slice recordings and 3D digitized with Neu-
rolucida (MicroBrightField, Inc.,) from 2-month-old Fischer 355
rats (Pyapali et al., 1998) killed with an overdose of halothane.
Their morphological properties, area, and number of sections, are
shown in the Table 1. The branch diameter was increased by a
factor of 1.25 for every cell, to compensate for possible shrink-
age effects and to reproduce the experimental unitary EPSP at the
soma. The branches selected were between ~50 and ~150 um
from the soma and with a unitary EPSP amplitude close to 1 mV
at the soma, in accordance with the experimental procedures of
Losonczy and Magee (2006). The selected dendrites (14.5% of all
dendrites) and their morphological properties are shown in the
Table 2.

PASSIVE PROPERTIES
The membrane capacitance, Cy,, and the internal resistivity, R,,
were 1 WF/cm? and 50 ©2-cm, respectively, for all sections except

FIGURE 1 | Morphological properties of CA1 pyramidal neurons used
in the present work. (A) n123, (B) n125, (C) n128, (D) n129, (E) n130. The
cell morphologies were downloaded from the Duke-Southampton archive

of neuronal morphology at http://neuron.duke.edu. The bar is 100 um. The
17 dendrites used for calculating average responses are indicated with
arrows.
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the apical trunk, where R, decreased sigmoidally from the soma
to the tuft:

(35 = 50)
1 + exp [(210 — x) /50]

Ry, =50+

where x is the perpendicular distance to the soma. In addition,
the membrane resistance, Ry, was 200 KS2-cm? at the soma and it
decreased sigmoidally over the apical trunk:

(12,000 — 200, 000)
1 4 exp [(200 — x) /50]

Riy = 200,000 +

The input resistances, Rj, measured with injection of current
pulses at the soma for neurons n123, n125, n128, n129, n130 were
62.4,31.8,63.4,127.4, and 93.0 M, respectively.

ACTIVE PROPERTIES

The following active mechanisms were inserted in the model: a
Hodgkin—Huxley (HH) sodium conductance, a sodium persis-
tent conductance (nap), a potassium delayed rectifier conduc-
tance (kdir), proximal and apical K-A conductances (kap/kad),
a slow calcium-dependent potassium conductance (kahp), a

Table 1| Morphological properties of the five CA1 pyramidal cells: area
in um?2 and number of sections in parenthesis.

Cell Soma Apical dend. Trunk Basal dend. Axon
n123 927 (5) 38,985 (91) 6,018 (28) 12,904 (49) 1,753 (10)
n125 2,841 (5) 78,088 (121) 12,999 (23) 19,707 (42) -

n128 4,214 (6) 27789 (116) 3,656 (19) 15,220 (61) -

n129 476 (8) 17,094 (89) 1,867 (15) 6,153 (42) -

n130 1,319 (7) 27500 (238) 1,657 (16) 5,831 (57) -

Table 2 | Morphological properties of apical dendrites used in this
study.

Cell Apical Distance to Length Diameter
dendrite soma (wm) (wm) (wm)
n123 1 81 120 1
2 81 129 1
29 108 81 1
n125 65 136 214 1.45
66 136 214 1.45
69 79 74 1.45
70 79 73 1.45
71 78 1563 1.45
n128 80 188 105 0.78
81 188 21 0.78
87 130 150 0.78
108 107 147 0.78
n129 3 140 81 0.78
7 129 92 0.78
73 119 110 0.78
n130 179 37 174 0.78
189 29 172 0.78

muscarinic potassium conductance (km), a BK-type calcium-
dependent potassium conductance (kct), a T-type calcium con-
ductance (cat), an N-type calcium conductance (can), two L-type
calcium conductances (cal, calH in distal dendrites to account for
distally restricted initiation of calcium spikes), an R-type calcium
conductance (car), and an H-type conductance (h). Table 3 shows
the distribution and maximal value of each conductance along
the various sections of the model cells. The steady-state activa-
tion/inactivation and time constants, as well as the ionic current
equations of all mechanisms are shown in Table 4.

A calcium extrusion mechanism was also inserted in all sections
except the axon. The calcium pump was modeled by a simple decay
differential equation as shown below:

d[Ca];  ica | [Ca]y — [Ca];
dt ~ 2Fd T

where d is the layer depth where the calcium concentration
is calculated, in this case d=0.1um of the spine diameter
and T=200ms. The calcium concentration at rest was set to
[Caos = 100 pM.

Synapses were located beyond 40 pm from the branch points
at 2 wm intervals, in accordance with Losonczy and Magee (2006)
and they included both AMPA and NMDA conductances. The
AMPA and NMDA conductances were modeled with a two-state
kinetic scheme (Destexhe et al., 1998). When a presynaptic poten-
tial generates a glutamate pulse of 1 mM, the rising phases for the
AMPA and NMDA currents were 0.3 and 1 ms, respectively. The
receptor kinetic equation is

dm
E:aT(l—m)—Bm

Table 3 | Conductance values for the various membrane mechanisms.

g (mS/cm?) Soma Trunks Apical Basal
dend. dend.

pas 5x 1073 5.16 x 1073— 5.69x 1073~  5.32x
5.34 x 1073 5.82 x 1073 10-3

Na 7(NaZt) 7(NaZt) 7(NaZt) 7(NaZ+)

kdir 1.4 (K*) 1.4 (K*) 1.4 (K*) 1.4 (K*)

nap - - 0.028 -

kd - 0.36 0.36 -

kap 75 75 78 12

kahp 0.3833 0.3833 - -

km 22 22 22 -

ket 0.01 0.01 03 -

cat 0.025 - 59.72 x 1073- -

65.13x 1073

can 3.3x1073 3.3x1073 - -

cal 12.82x 1073 12.82x 1073 - -

calH - 2.2211- 0.48285 -
0.04828

car - 0.264 0.264 -

h 18.72x 1073  19.756x1073-  23.07x1073- 1872 x
20.88 x 1073 23.94x10°% 1073
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Table 4 | Conductance kinetic parameters.

Steady-state activation/inactivation constant and time constant (ms) lonic current

HH  meo=1/01+expl—(v + v1)itl]) ina=0na * m? * h* (v —50)
m =0.05 =gk * n? ¥ (v+77)
hoo=1/(1+ expl(v + v3)/t3])
Th=1
Noo=1/(1 + expl—(v + v2)/t2])
=35

nap Mo = 141+ expl—(v + 50.4)/4.5]} ina =gna ¥ m® * (v=50)
Tm=1

kd Moo = 1/1 + (expl—6*1073 * (v +63) * F/(R*T)I)} k=g * m** h* * (v+77)
Tm=1

heo = 11 +expl2.5 ¥1073 * (v 4+ 73) * F/(R*T)]}
T =1/{2.0¥1074 42.0*10~* * exp[2.5 1073 * (v +73) *F/(R*T))}
kap Noo = 11 4+ expl1073* (=1.5—(1/(1 + exp((v 4+ 40)/5)))) * (v—11) * F/(R * T)}} k=9 * n*h *(v—=77)
1, =max (expl0.55*1073 * (—1.5—(1/(1 + exp((v + 40)/5)))) * (v—11) * F/R * T)l/qs *
0.05 * (14 expl1073* (=1.5—(1/(1 4+ exp((v 4 40)/5)))) * (v—11) * F/(R * T)]}}, 0.1)
heo = T/{1 +expl3 * 1073 *(v +56) * F/(R *T)I}
1h =max (0.26 * (v +50), 2)

kahp Moo =[Ca?*]o/([Ca?*], +0.004) ik = Gkahp * M? * (v +77)
Tm = 150 + 0.004/(ICa?*1, + 0.004)

km Moo = 141—(1—expl—(v + 30)/91)/(1—expl(v + 30)/91)} i =(1e—4) * 2.3MCCQ=24110x g, % m * (v 4 77)
tn=0q " * 1/(1073 * (v + 30)/(1/(1—expl—(v + 30)/91)—1/(1—exp [(v + 30)/91))

ket koi=1.0/(0.1+exp[—(v+10)]) ik =0gket * O * (v+77)

kic =1.0/(0.1 + expl(v + 120)/10])
kco = 1.0/(0.001 + 1.0/(1.0/(1—0.001) 4 exp [(v +20)/71)) *108* ([CaZ*],)3
koc =1.0/(0.1 + expl(v + 120)/5])

cat Moo =11+ expl—1073 * 3 * (v +36) * F/(R *T)I} ica=geat * M2 * h* (v—140)
Tm=15
hoo =1/{1 4 expl1073 * 5.2 * (v 4+68) * F/(R * T)]}
=10
can Moo =11+ expl—1073 * 3.4 * (v+21) * F/R * )]} ica = gean * M2 * h * (0.025/(0.025 + [CaZT]o)) * (v—140)
Tm=1b
hoo = 1/{1+ exp[1073 * 2 * (v 4+40) * F/(R * T}
=75
cal Moo =11+ expl—1073 * 4.6 * (v+1) * F/(R * T} ica = Geal * (mM? * (0.025/(0.025 + [Ca2t],)) + 8 * s2)
=15 * (v—140)

Seo = ([Ca%*16/0.01)2/(([Ca?*15/0.01)% 4 1)
15 =180 4 1/([Ca?t], 4 0.01)

calH  moo =1/(1 +expl—(v+377)]) ica=Gecan ¥ m% * h* (0.025/(0.025 4 [Ca2*],)) * (v—140)
Tm=35b
heo = 1/(1 +expl(v +41)/0.5])
Th =20
car Meo=1/(1 + expl—(v + 48.5)/3]) ica = gear* M * h* (v—140)
™™ =120
hoo = 1/(1 4+ explv +53])
=4
h Moo = 1=(1/(1 + expl—(v + 90)/8.51)) ih=g* (v=0)

tm=1(v>-30)
tm =2 * (1/(expl(v + 145)/—17.5] + expl(v + 16.8)/16.5]) + 5) (v < —30)

At the soma: vi=44mV, v2=46.3mV, v3=49mV, t1=3ms, t2=3ms, t3=3.5ms. At the trunk and dendrites: vi=40m\V, v2=42m\V, v3=45mV, t1=3ms,
t2=2ms, t3=3ms. F=96,485C/mol, R=8.314472J/(K mol). Intracellular calcium concentration [Ca’*], in mM. q1=>57%-2%19 jn kap conductance and
q2=2.319-2419 in km conductance.
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where m represent the fraction of receptors in the open estate, o
(0.94ms™' mM~' AMPA,2 ms~! mM~! NMDA) and f (0.3 ms™!
AMPA, 0.027 ms~! NMDA) are the forward and backward rate
constants, respectively. T is the glutamate concentration in the
synaptic cleft. The synaptic current is given by

Isyn = gampa mampa (V — Eampa)
+ gnmpa B (V) mnmpa (V — Envpa)

where B(V) is a function that represents the voltage dependence
of the NMDA receptor

1
B(V) =

1+ exp (—0.062V) el

where [Mg], = 1 mM is used to implement the voltage-dependent
magnesium block. Both reversal potentials, Eappa and Enmpa
were 0 mV.

The maximal AMPA conductance for each synapse was tuned
to generate a local (dendritic) 5mV depolarization upon a single-
pulse stimulation with both an AMPA and an NMDA mechanism.
The respective NMDA conductance was derived as a function of
the AMPA conductance:

SNMDA-1 = T§AMPA

where r is the NMDA/AMPA ratio (r =0.396). Note that these
values represent the maximum single channel conductances and
are not proportional to the total amount of AMPA/NMDA cur-
rent. To ensure that the ratio of AMPA/NMDA current in our
model is consistent with experimentally reported values for api-
cal dendrites of CAl pyramidal neurons (Béique et al., 20065
McDermott et al., 2006) we measured the AMPA/NMDA ratio
as described in McDermott et al. (2006): the cell was first clamped
at the resting membrane potential using a somatic and a dendritic
clamping electrode, in the presence of K, Na™, and Ca*™ chan-
nel blockers, and the absence of Mg™ . A number of 15 synapses
were stimulated with a single synchronous pulse and the current
was measured at the dendritic clamping electrode. This proce-
dure was repeated with the NMDA receptors blocked (100%)
and the NMDA component was estimated by subtracting the two
traces. The ratio of AMPA/NMDA current using this approach
was 0.75 £ 0.01 (n=17), which is similar to reported experimen-
tal values for apical dendrites of CA1 pyramidal neurons (Béique
et al., 2006; McDermott et al., 2006). A ratio of 1.1 £0.25 (n=5)
was reported by Béique et al. (2006) while a ratio of 2 £0.04
(n=19), was reported by McDermott et al. (2006), although the
approaches used to measure these ratios differ in the two stud-
ies. Due to the lack of precise measurements for AMPA/NMDA
current ratios in apical oblique dendrites of CA1 pyramidal neu-
rons, a larger NMDA component than the one reported in the
above studies was needed in order to replicate the slow compo-
nent in the experimental traces of Losonczy and Magee (2006)
shown in Figure 2. This discrepancy could also be explained by
the fact that the AMPA/NMDA ratios in the above studies were
obtained at room temperature (22°C) while the Losonczy and

Magee (2006) studies discussed here were done near body tem-
perature (35°C). Recent evidence shows that the NMDA current
amplitude decreases significantly (20-40% reduction) when the
temperature drops from 35 to 25°C (Cais et al., 2008), which could
partially explain why a larger NMDA conductance was needed in
order to replicate the experimental data of Losonczy and Magee
(2006).

SYNAPTIC STIMULATION

In all experiments reported in this work, synchronous synaptic
stimulation refers to a sequential stimulation of synapses with
a 0.1-ms interval between consecutive stimuli. This was imple-
mented in order to match the experimental protocol used in
Losonczy and Magee (2006). In addition, the adjacent synapse
was always activated next, starting from the synapse nearest to the
branch point.

THE DOUBLE-PULSE STIMULATION PROTOCOL

For the double-pulse stimulation protocol, we simulated two co-
localized, equal-sized sets of synapses. The first set was activated
with both pulses while the second set was activated only on the
second pulse. The first set of synapses consisted of both AMPA
and NMDA receptors while the second set of synapses contained
only NMDA receptors. For the second set, synapses contained only
NMDA receptors whose total conductance was given as a function
of the ISI between the two pulses:

aouma-116 (1 - @) if 181 < 100

NMDA—2 = { )
0 otherwise

This approach was used to model the experimental findings of
Mainen et al. (1999), showing that in synapses of CAl pyrami-
dal neurons the NMDA-dependent current increases in response
to multiple stimuli. Specifically, the NMDA current was found to
nearly double when a second pulse was delivered within 10 ms
(Mainen et al., 1999). A similar increase in basal dendrites of
CALl pyramidal neurons (Ariav et al., 2003) was found to fade for
longer intervals, reaching baseline when the second pulse arrived
after 100 ms (Jackie Schiller, personal communication). The above
formula resulted in a very similar, time-dependent increase in
the NMDA current produced by two-pulse stimuli in the model
cell.

The amount of NMDA current produced by two pulses was
estimated using the same procedure utilized to measure the
AMPA/NMDA currents. When 15 synapses were stimulated with
an ISI of 10 or 20 ms, the NMDA current ratio between the sec-
ond and the first pulses was 1.96 +0.06 (n=17) and 1.87 £ 0.05,
respectively. These values are in close agreement with the reported
experimental data of Mainen et al. (1999).

When the double-pulse stimulation protocol was used to acti-
vate synapses sequentially, the time interval between successive
stimuli — termed Inter-burst Delay (IBD) — was defined as the
delay between the first spike of the burst delivered to the previ-
ous synapse and the first spike of the burst delivered to the current
synapse (see Figure 6A for a graphical illustration). This definition
of IBD results in the creation of artificial coincidences in the data.
For example, when five synapses are activated with a burst of two
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Model

L & M (2006)

5ms

FIGURE 2 | Model and experimental recordings produced by single
stimulation of synaptic inputs in apical oblique dendrites. (A)
Representative example of a model somatic EPSP evoked by stimulating an
increasing number of synapses (1-5) with an inter-burst delay (IBD) of 0.1 ms
in an apical oblique dendrite. The trace is very similar to the respective
experimental data shown in part (C). (B) Another example of a model somatic
EPSP (top) and the associated first temporal derivative (bottom) evoked by
stimulating 1-14 synapses with an IBD of 0.1 ms in an apical oblique dendrite.

Model

L & M (2006)

15 ms

The traces should be compared to the respective experimental data shown in
part (D). (E) Similar to B, generated by stimulating a different dendrite in the
model cells. To be compared with experimental traces in part (G). (F)
Representative example of a model somatic EPSP (top) and the associated
first temporal derivative (bottom) evoked by stimulating 1-14 synapses with
an IBD of 2ms in an apical oblique dendrite. The traces should be compared
to the respective experimental data shown in part (H). Experimental data
were adapted with permission from Losonczy and Magee (2006).

pulses separated by 10 ms (ISI = 10) and a between-synapse delay
(IBD) of 10 ms, then two synapses are activated synchronously at
10, 20, 30, and 40 ms. Similarly, when five synapses are activated
with an ISI=10ms and an IBD =5 ms, then two synapses are
activated synchronously at 10, 15, and 20 ms. In all cases, only two
synapses fire coincidentally.

DEFINITION OF LINEAR VS. NON-LINEAR INTEGRATION

Integration of synaptic responses was considered linear if the arith-
metic sum of individual EPSPs produced when stimulating each
synapse independently (expected response) had a peak that was
equal to the peak of the EPSP produced by the combined acti-
vation of all stimulated synapses (actual response). Integration
was considered non-linear if the actual response was different
from the expected response. Different dendrites generated dif-
ferent expected vs. actual EPSP curves because local dendritic
spikes were generated in response to different numbers of activated
synapses. Thus, in order to obtain an expected vs. actual response
curve that represents the “average” dendritic branch response, we
first needed to align all dendrites to a common reference point.

THRESHOLD ALIGNMENT PROCEDURE

To plot the model’s summary responses (Figure 4), data from
each dendrite were grouped as described by Losonczy and Magee
(2006). Specifically, each dendritic response was first aligned to

its branch-specific threshold and an average was estimated on all
aligned responses. The alignment threshold for a given branch was
defined as the minimum number (#) of activated synapses that are
necessary in order to have a supralinear jump in the expected vs.
actual EPSP curve. This number, #, was then relabeled zero in all
branches, enabling the alignment of all responses with respect to
their supralinear jump (always located at n =0). The same proce-
dure was followed for both single and double-pulse stimuli. In all
figures where average results are showed, the results were calcu-
lated from all five morphologies, by pulling together all stimulated
branches and calculating the average response.

All simulations were run within the NEURON simulation envi-
ronment (Hines and Carnevale, 1997) and data was analyzed using
the Origin (OriginLab Corporation, Northampton, MA, USA) and
Igor Pro 5 (WaveMetrics, Inc., Lake Oswego, OR, USA) software
packages.

RESULTS

Simulation experiments were carried out in 17 apical oblique den-
drites located 50-150 pm from the cell body in the five different
CAL1 pyramidal cell morphologies shown in Figure 1. Branches
were selected according to the size of the somatic EPSP generated
by the stimulation of a single synapse located at various distances
along the branch. To ensure comparability with experimental
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recordings only branches resulting in somatic EPSPs similar to
the ones reported by Losonczy and Magee (2006) were used (see
Materials and Methods for details). Model responses were gener-
ated using the same stimulation protocol as described in Losonczy
and Magee (2006): for each dendrite, an increasing number of
synapses (from 1 to 15) stimulated each in sequence with a fixed
IBD (0.1, 2, 3, 4, or 5ms). For the 0.1-ms interval, the input
was called synchronous while for larger intervals it was termed
asynchronous.

Model responses to single-pulse inputs closely matched
those reported by Losonczy and Magee (2006). As shown in
Figure 2, somatic traces generated by model cells for both
synchronous (Figures 2A,B,E) and asynchronous (Figure 2F)
cases closely resembled the respective experimental recordings
(Figures 2C,D,H). In cases of synchronous synaptic stimula-
tion, responses grew linearly as the first several synapses were
added, followed by a distinct supralinear jump at the point where
the local spike threshold was crossed (Figures 2A,B,E). In con-
trast, asynchronous inputs failed (in most cases) to produce
distinct dendritic spikes (Figure 2F) and gave rise to linearly
increasing responses over the whole range of stimulus inten-
sities (Figure 4A, open squares). Note that linear integration
was more pronounced as the temporal separation of synapses
increased from 2 to 5ms. For a delay of 2ms a small supralin-
earity was occasionally observed, although for a larger number
of synapses than in the synchronous case, while for delays larger
than 3 ms the responses were always combined in a linear manner
(see Figure 3). Figure 4 shows summary plots for both synchro-
nous (Figure 4A, filled squares) and asynchronous (Figure 4A,
open squares) inputs. Model responses for both cases closely
match the experimental findings shown in Figure 4B. Specifi-
cally, the average peak EPSP at the dendritic spike threshold was
3.08 £0.26 mV (n = 17) at the cell body of the model (Figure 4A)
vs.3.4£0.2mV (n=92) in the experimental data (Figure 4B). On
average, the amount of somatic depolarization at this threshold in
the model was 146 £ 6% (n = 17) of the expected arithmetic sum

7= = 01ms
6 - = 2 ms )
3ms )

= 5ms

Actual EPSP (mV)
'S
1

rTrrTrrTrrrr
1 2 3 4 5 6
Expected EPSP (mV)
(aligned to thr)

FIGURE 3 | Model summary plot of mean input-output curves for
threshold-aligned peak EPSP amplitudes (mean + SEM) for four
different inter-synapse delays. Supralinear amplification is clearly evident
for synchronous inputs (black) and attenuates rapidly as inputs are activated
with increasing temporal dispersion (red, green, blue).

of the individual synaptic inputs, compared to 142 £ 9% (n=92)
in the experimental data. For asynchronous inputs, these values
were 100 £ 15% (n=17) in the model and 104 4= 8% (n=23) in
the data. The average number of synapses needed to generate a
local dendritic spike was higher (7-10) in the experimental sit-
uation (n=92) than in the model (5-6), suggesting that model
synapses were somewhat stronger than their biological coun-
terparts. The expected EPSP in all cases was computed as the
arithmetic sum of the individual synaptic responses (at each time
point); the peak of the expected EPSP was used as the linear
prediction (corresponding to the 100% mark on the graphs in
Figures 6C-E). For the asynchronous cases, responses for all 17
branches at four different inter-synapse delays sampled uniformly
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FIGURE 4 | Dendritic integration of single-pulse stimuli in CA1
pyramidal neurons. (A) Model summary plot of mean input-output curves
for threshold-aligned peak EPSP amplitudes (mean &+ SEM). See Section
“Materials and Methods” for an explanation of the threshold alignment
procedure. A supralinear amplification was observed in the case of the
synchronous synaptic stimulation (filled circle, IBD = 0.1 ms) with respect
to the expected mean threshold EPSP of 3.1 mV (n=17), while the
input-output curve for asynchronous synaptic stimulation (empty square,
IBD =2-5ms) was linear, (n=17). The model results are in good agreement
with the experimental data from Losonczy and Magee (2006) shown in (B).
(B) Same as A with experimental data. The figure was adapted with
permission from Losonczy and Magee (2006). A supralinear amplification
was observed with respect to the expected mean threshold EPSP of
3.4mV (n=92), while the input-output curve for 2-5ms was linear
(n=23). (C) Model summary plot of peak §V/8t amplitude (mean + SEM)
showing a sharp increase at threshold for the 0.1-ms intersynapse interval
(n=17) but not in the 2- to 5-ms intervals (n=17). The model results are
again in good agreement with the Losonczy and Magee (2006) data shown
in (D). (D) Same as C with experimental data. Figure was adapted with
permission from Losonczy and Magee (2006). A sharp increase is evident
at threshold for the 0.1-ms inter-synapse interval but not for 2- to 5-ms
interval recordings.
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between 2 and 5 ms were averaged, approximating the procedure
used by Losonczy and Magee (2006).

The generation of a dendritic spike is associated with a sharp
increase in the slope of the somatic voltage responses 8 V/8 1. A sum-
mary plot shows 8V/8t as a function of input intensity (Figure 4C),
aligned to the threshold stimulus intensity for each of the 17
branches (same normalization procedure as was used in Loson-
czy and Magee, 2006). The same threshold value was used to plot
both the synchronous and asynchronous data in Figure 4C. The
mean peak 8V/8t amplitude at threshold for synchronous inputs
was 2.9 0.4 V/s (n=17) in the model (Figure 4C, filled circles),
and 2.6 £0.4V/s (n=92) in the data (Figure 4D, filled circles).
The respective value for asynchronous inputs was 0.30 & 0.06 V/s
in the model (Figure 4C, open squares), closely matching the
experimental data (Figure 4D, open squares; average values
for asynchronous inputs were not explicitly mentioned in the
paper).

Having established that our model replicates the basic features
of the Losonczy and Magee (2006) single-pulse data, we next
considered the case of double-pulse stimulation. Several studies
of hippocampal neurons indicate that a single glutamate vesi-
cle is not sufficient to saturate all available NMDA binding sites
(Mainen et al., 1999; Mcallister and Stevens, 2000; Nimchinsky
et al.,, 2004), such that multiple glutamate release events trig-
gered by a burst of spikes can lead to a significant increase in
the post-synaptic NMDA conductance. Such an increase is con-
sistent with the observation in both basal and apical oblique
dendrites of neocortical pyramidal cells that double-pulse inputs
lead to stronger NMDA-dependent local spikes than single-pulse
inputs (Polsky et al., 2004) or multiple inputs separated by large
inter-stimulus-intervals (Polsky et al., 2009). Furthermore, in the
basal dendrites of hippocampal pyramidal neurons, both the fast
(Na™) and slow (NMDA-dependent) component of local den-
dritic spikes generated by double-pulse inputs show larger, sharper
non-linear transitions at threshold (Ariav et al., 2003) than the
single-pulse-triggered d-spikes reported by Losonczy and Magee
(2006). Though this comparison is imperfect given that the two
data sets were taken from different regions of the dendritic tree,
it is worth nothing that in layer 5 pyramidal cells, basal and api-
cal oblique dendrites behave equivalently in this respect (Larkum
etal., 2009).

We modeled the effect of double-pulse inputs on non-saturated
NMDA receptors by activating an additional parallel NMDA con-
ductance at each stimulated synapse upon the arrival of the second
pulse (see Materials and Methods for details). Mainen et al. (1999)
reported that the peak EPSC in response to synaptic activation of
a single dendritic spine in CA1 pyramidal neurons grew 80 £ 8%
with a second release event. In pilot experiments in which we fit-
ted our voltage responses to double-pulse-evoked NMDA spike
traces from basal dendrites of both CAl and layer 5 pyramidal
cells (Schiller et al., 2000; Ariav et al., 2003; Polsky et al., 2004),
we found that somewhat larger second-pulse NMDA facilitation
values led to the best fits — around 130%. Though the latter mea-
surement involves actual NMDA-dependent regenerative voltage
responses, and is thus closer to the functional question we are
addressing, we nonetheless biased our model in favor of the

more direct measurements from SC synapses reported by Mainen
et al. (1999) and set the second-pulse NMDA conductance to a
value that yielded a 95% increase in the NMDA EPSC peak on
the second pulse. In control experiments, we verified that varia-
tions within this range of uncertainty had only a slight effect on
the outcome. Figure 5A shows the NMDA current generated by
stimulating dendrites in the five different cell morphologies, for
NMDA conductance values leading to 80, 95, and 130% increase
in the NMDA EPSC peak on the second pulse, while Figure 5B
shows the respective EPSP traces from one representative den-
drite for different IBDs. As is evident in the figure, EPSP traces are
only mildly affected by changes in the NMDA current within the
abovementioned range.

In vivo recordings in awake behaving animals show that dur-
ing active exploration, CA1 (Harris et al., 2001; Mizuseki et al.,

40 pA
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FIGURE 5 | Effect of second-pulse NMDA current magnitude on
post-synaptic responses. (A) Black, red, and blue traces correspond to
NMDA EPSCs in one representative dendrite of each of the five cell
morphologies, where the maximum value of the second peak is 130, 95,
and 80% bigger than the first peak, respectively. The number of activated
synapses is 15, the interburst delay (IBD) is 0.1 ms, and the interstimulus
interval (ISI) is 10ms. (B) Corresponding EPSPs generated by stimulating a
representative dendrite in n123 using the above NMDA current values, for
increasing number of synapses and inter-burst values. EPSPs are not
significantly affected by changes in the NMDA current amplitude.
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FIGURE 6 | Supralinear summation of within-branch inputs stimulated
with double pulses. (A) Schematic illustration of interburst delay (IBD)
and interstimulus interval (ISI) used to stimulate synapses in the
double-pulse simulation experiments. (B) Examples of four somatic EPSPs
where the number of stimulated synapses is optimized to induce the peak
supralinearity in response to double-pulse stimulation with a fixed IS| of

10 ms and four different intersynapse delays: 0.1, 5, 15, and 30 ms. Traces
shown in each panel correspond to actual (black) and expected (red) cases.
The symbol # indicates the total number of stimulated synapses. The
supralinearity is larger when five synapses are stimulated with a 5-ms delay
than when four synapses are stimulated nearly simultaneously (0.1 ms
delay). (C) Percent supralinearity in response to double-pulse stimulation
within a branch. The number of synapses used was different for each
branch, selected to maximize the supralinearity score for every IBD/ISI
combination (i.e., three synapses were used when synapses were
stimulated with an IBD of 0.1 ms and an ISI of 1 ms, resulting in a
supralinearity of 142 +4%). The numbers along the front edge of the plot
represent the average number of stimulated synapses for every synapse
delay calculated using the mean synapse number used for ISI's of 1, 5, 10,
20, and 30 ms. Peak supralinearity drops steeply for synapse delays larger
than 15 ms. (D) Black squares: Summary graph showing the peak
supralinearity achieved by the stimulation of synapses with a fixed IS of

10 ms and varying intersynapse delays. Small numbers again indicate mean
number of stimulated synapses. Note that as IBD increases, more synapses
are needed to obtain the maximum supralinearity. However, using more
than 15 synapses led to no further change in the peak supralinearity. Red
circles: Same graph under conditions where the second pulse elicited the
same peak conductance as the first (no additional NMDA component). (E)
Summary graph showing the effect of various blockers on the supralinear
summation of double-pulse inputs. A total of three synapses located within
a dendrite were stimulated with an IBD of 0.1 ms and an ISl ranging from 1
to 50 ms. Blockade of Ca** channels by 90% (green open squares) did not
affect synaptic integration; blockade of Na* channels by 90% (blue filled
squares) reduced the magnitude of the supralinearity; blockade of NMDA
channels by 90% (red filled circles) resulted in sublinear integration.

2009) as well as CA3 (Suzuki and Smith, 1985; Mizuseki et al.,
2009) cells commonly fire short bursts with ISIs in the 5- to 30-
ms range. We thus measured the time window for supralinear
summation of synaptic inputs using double-pulse inputs with
different ISIs and IBDs (i.e., between-synapse delay in deliver-
ing the burst, IBDs; Figure 6). Adopting an intermediate value of
10 ms (corresponding to a 100-Hz burst), four cases of expected
(red) vs. actual (black) voltage responses are shown for IBD’s
of 0.1, 5, 15, and 30 ms (Figure 6B). In each case, the num-
ber of synapses (indicated by the small # next to each point)
that maximized the response supralinearity was selected, defined
as the ratio of the “facilitating NMDA” (shown as “actual” in
Figure 6) and predicted (“expected”) response peaks. Supralin-
earity ratios for IBDs and ISIs ranging from 0.1 to 30 ms are
shown in Figure 6C while Figure 6D (black squares) shows
the same ratios for a fixed ISI of 10 ms. A key observation in
Figure 6D is that the supralinearity score remains above 150% for
IBD’s ranging from 0.1 ms up to 13 ms. For longer IBD’s, input
spikes arrived over an extended window. For example, the maxi-
mum supralinearity for a 13-ms IBD occurred when 11 synapses
were stimulated sequentially. In this case, the two-spike bursts
(ISI=10ms) delivered to 11 synapses at 13 ms intervals were
spread over a total window of 13 x 10 =130 ms. This not-very-
synchronous input pattern generated the same supralinearity score
(150%) as five to six synapses stimulated once inside a 6-ms win-
dow (Figures 2A,B,D and 4A). Thus, when CA3 inputs arrive in
the form of two-spike bursts, supralinear integration appears pos-
sible even when inputs are spread over an interval that is more than
an order of magnitude wider than that observed for single-pulse
inputs.

It should be noted that the definition of IBD (delay between
the first spike of the burst delivered to the previous synapse and
the first spike of the burst delivered to the current synapse) creates
artificial coincidences in the stimulated synapses. For example,
for an ISI of 10ms and an IBD of 10ms, when stimulating
six synapses, there are five coincident activations of two of the
synapses at time points 10, 20, 30, 40, and 50 ms. However, these
coincidences cannot explain the observed non-linearities for sev-
eral reasons. First, for an ISI = 10 ms, and IBDs larger than 10 ms,
there are no coincident synaptic activations and yet a large non-
linearity effect is still seen in Figure 6D. Second, for an ISI = 10 ms
and an IBD =5ms, there are only three coincident activations
of two synapses (at 10, 15, and 20 ms) and yet the supralinear-
ity is larger than the ISI=IBD = 10 ms case where there are five
coincidences. Third, for an ISI= 10 ms and an IBD =7 ms, there
are no coincident activations and yet the supralinearity is larger
than the ISI = IBD = 10 ms case but smaller than the ISI = 10 ms,
IBD = 5ms case. Finally, for ISI=10ms and IBD =0.1 ms (and
for any other ISI values), all synapses are stimulated simulta-
neously but the observed supralinearity for IBDs up to 13 ms
(for which coincidences are much fewer) is larger (Figure 6D).
Thus, the supralinearity observed when synapses are asynchro-
nously activated with double pulses does not arise from the
accidental coincident activation of a subset of the stimulated
synapses.
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We next assessed how much the broadening of the window
of supralinear interaction depended on conventional temporal
summation, in the absence of NMDA conductance paired-pulse
facilitation: we ran simulations in which the second pulse elicited
the same peak conductance as the first. The number of partici-
pating synapses was again chosen to maximize the supralinearity
on a case-by-case basis. The window of strong supralinear inter-
action was considerably narrowed compared to the facilitating
NMDA condition, though it was still longer than for single pulses
(Figure 6D, red circles).

To investigate the biophysical mechanisms underlying supralin-
ear summation of double-pulse inputs in our model, we measured
supralinearity scores in the presence of various channel block-
ers. In these simulations, three synapses on an oblique dendrite
were stimulated nearly simultaneously (IBD of 0.1 ms), with burst
ISI’s ranging from 1 to 50 ms (Figure 6E). Under control con-
ditions, supralinear integration was evident for ISI’s less than
20 ms, becoming nearly linear beyond 30 ms. Similar results were
obtained by Polsky et al. (2004) in basal dendrites of layer 5 pyra-
midal neurons using dual-site focal synaptic stimulation. Blockade
of Ca*™ channels by 90% had no effect on the supralinearity score
(Figure 6E; open green squares). In contrast, blockade of voltage-
dependent Na™ channels by 90% (filled blue squares) substantially
reduced the magnitude of the supralinearity, while blockade of
NMDA channels (filled red circles) resulted in strictly sublinear
summation for all ISI’s.

DISCUSSION

It has been shown that multiple excitatory inputs to apical den-
drites in CA1 stratum radiatum (SR) can trigger a local dendritic
spike, and hence summate supralinearly, only when the inputs
are activated nearly simultaneously (Losonczy and Magee, 2006).
When single-pulse inputs were even slightly desynchronized, i.e.,
with inter-synapse delays of only 1-2 ms, dendritic spikes were not
triggered and post-synaptic summation at the cell body became
essentially linear. Based on these findings, it has been suggested
that the dendritic integration in CAl1 may be behavioral-state-
dependent: linear during REM sleep and awake exploration (theta
rhythm), when synchronization of CA3 inputs on a millisecond
time scale is unlikely, and non-linear during the highly synchro-
nized sharp waves and ripples associated with awake resting states
and/or slow wave sleep.

Our results suggest that this dichotomy may not hold under
invivo conditions. Using a detailed compartmental model of a CA1
pyramidal cell developed previously (Poirazi et al., 2003a), mod-
ified slightly to fit the data most relevant to the present study, we
replicated the tight synchronization requirement for single-pulse
summation in apical oblique dendrites as reported by Losonczy
and Magee (2006). We then showed that when individual CA3
axons fire even minimal bursts rather than single spikes, which
we modeled by two glutamate releases leading to an increased
NMDA conductance on the second pulse, local dendritic spikes
can be triggered, and synaptic integration can be strongly supra-
linear (>150%), even when the temporal dispersion among CA3
inputs spans more than 100 ms. Our findings are consistent with
recent data on layer 5 pyramidal neurons (Polsky et al., 2009),

where double-pulse stimuli separated by up to 100 ms were shown
to be capable of inducing large NMDA spikes and supralinear
summation of inputs.

The much greater tolerance for temporal dispersion of bursty
inputs suggests that non-linear dendritic integration could occur
even with the relatively loose synchronization of CA3 neurons
during the theta cycle (Csicsvari et al., 1998, 2000), given that CA3
cells are known to occasionally fire in short bursts during various
behavioral tasks (Mizuseki et al., 2009). The two-layer model of
a CAl pyramidal cell, in which apical oblique branches provide
a layer of separately thresholded non-linear integrative subunits
(Poirazi et al., 2003a; Katz et al., 2009), may thus apply to all
major hippocampal states, rather than being limited to states with
extreme neuronal synchronization.

The broadening of the time window for supralinear integration
in our model using double pulses was due primarily to facilitation
of NMDAR-mediated responses, with an additional smaller con-
tribution from classical temporal summation of voltage between
the two pulses (Figure 6D). Several studies support the assump-
tion of non-saturated NMDARs (Mainen et al., 1999; Mcallister
and Stevens, 2000; Nimchinsky et al., 2004). In addition, the bursty
firing patterns of CA3 neurons in vivo (Ranck, 1973; Suzuki and
Smith, 1985; Tropp-Sneider et al., 2006; Mizuseki et al., 2009), cou-
pled with evidence for reliable axonal propagation (Emptage et al.,
1999, 2003; Meeks et al., 2005) and robust short-term synaptic
facilitation at Schaffer collateral synapses (Dobrunz et al., 1997;
Speed and Dobrunz, 2008), appear ideally suited to deliver the
multiple glutamate releases per input “event” that can lead to
strong NMDA-dependent post-synaptic responses.

Our model does not include short-term synaptic plasticity,
the effects of inhibition, mGLURs, calcium buffering, glutamate
spillover, microlocation, etc., Nonetheless, in its various stages
of development it has reproduced a wide variety of experimen-
tal data (Poirazi et al., 2003a,b; Markaki et al., 2005; Pissadaki
et al., 2010), including the Losonczy and Magee (2006) data as
shown in Figures 2 and 3. Furthermore, our main prediction
regarding input synchronization derives from simulation exper-
iments in which only a slight change was made to the stimulus
(using double pulses) relative to the known data with which the
model was validated (using single pulses), and involves only a few
additional biophysical assumptions that are well grounded in the
published literature. Our results are also consistent with double-
pulse response data from closely related cells (Polsky et al., 2004,
2009), and from closely related branches in the same cells (Ariav
et al., 2003). Further experiments will nonetheless be needed to
map out with greater certainty the interactions between state-
dependent rhythms and dendritic integration in hippocampal
function.
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