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Supralinear dendritic Ca2* signalling in young developing
CA1 pyramidal cells
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Neuroscience

Key points

® Because intracellular Ca*" is important for activity-dependent growth and development, we
studied action potential (AP)-evoked dendritic Ca’" influx and Ca*" buffering in developing
rat CA1 pyramidal cells during the first 1-4 weeks after birth.

e We show for the first time that active dendritic backpropagation of APs generates large Ca*"
transients in pyramidal cell dendrites even after the first postnatal week.

¢ The amplitude of Ca’>" transients at 1 week is similar to that at 4 weeks because a four-fold
upregulation of calcium influx per AP is balanced by a similar increase in endogenous Ca*"
buffer capacity during this period.

e The calcium extrusion after APs was about five times slower at 1 week than at 4 weeks, resulting
in a slower decay in young cells and a more effective temporal summation during brief bursts
of APs.

e During continuous theta-burst firing, dendritic calcium concentration was up to three-fold
larger in animals aged 1 week than in those aged 4 weeks, generated via an activity-dependent
slow-down of Ca?* extrusion, which may allow Ca’"-dependent control of growth and
development with a large dynamic range.

Abstract Although Ca?T is critically important in activity-dependent neuronal development,
not much is known about the regulation of dendritic Ca** signals in developing neurons. Here,
we used ratiometric Ca** imaging to investigate dendritic Ca®" signalling in rat hippocampal
pyramidal cells during the first 1-4 weeks of postnatal development. We show that active dendritic
backpropagation of Na, channel-dependentaction potentials (APs) evoked already large dendritic
Ca”* transients in animals aged 1 week with amplitudes of ~150 nm, similar to the amplitudes of
~160 nM seen in animals aged 4 weeks. Although the AP-evoked dendritic Ca*" load increased
about four times during the first 4 weeks, the peak amplitude of free Ca>™ concentration was
balanced by a four-fold increase in Ca?* buffer capacity «, (~70 vs. ~280). Furthermore, Ca*"
extrusion rates increased with postnatal development, leading to a slower decay time course
(~0.2's vs. ~0.1 s) and more effective temporal summation of Ca’" signals in young cells. Most
importantly, during prolonged theta-burst stimulation dendritic Ca®* signals were up to three
times larger in cells at 1 week than at 4 weeks of age and much larger than predicted by linear
summation, which is attributable to an activity-dependent slow-down of Ca** extrusion. As Ca**
influx is four-fold smaller in young cells, the larger Ca*" signals are generated using four times less
ATP consumption. Taken together, the data suggest that active backpropagations regulate dendritic
Ca’* signals during early postnatal development. Remarkably, during prolonged AP firing, Ca**
signals are several times larger in young than in mature cells as a result of activity-dependent
regulation of Ca?* extrusion rates.
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Introduction

During the first few weeks of rodent brain development,
there is substantial growth of neuronal dendrites and a
high rate of synaptogenesis. Neuronal activity is critically
important to the development of neuronal circuits (Katz
& Schatz, 1996; Hensch, 2005), and intracellular Ca?*
is an important signalling molecule contributing to the
activity-dependent growth and remodelling of neuro-
nal processes (Wong & Ghosh, 2002; Spitzer, 2006). A
global rise in the intracellular Ca?* concentration may
activate nuclear protein kinases and transcription factors
like CaM-kinase IV (CaMKIV) to control transcription
and promote neuronal outgrowth (Deisseroth et al.
2003; Aizawa et al. 2004). However, local dendritic
Ca’* signalling may activate CaMKII to phosphorylate
guanine nucleotide exchange factors (GEFs) interacting
with RhoGTPases and the cytoskeleton to promote growth
cone turning, as well as retraction and stabilization of new
dendritic branches (Jin et al. 2005; Konur & Ghosh, 2005).

In developing rat hippocampal pyramidal cells,
dendritic spines are largely absent at birth and are
subsequently formed during the first few postnatal
weeks in an activity-dependent manner (Fiala et al
1998; Kirov et al. 2004). It has been shown that new
dendritic filopodia and spines are generated by the release
of glutamate from neighbouring presynaptic boutons
activating extrasynaptic NMDA receptors on dendritic
shafts (Engert & Bonhoeffer, 1999; Maletic-Savatic
et al. 1999; Kwon & Sabatini, 2011). This process is
Ca’*-dependent and is most probably mediated via a
Ca’*-dependent adenylate cyclase activating PKA and
MAP kinase (Kwon & Sabatini, 2011). In addition,
CaMKII is localized to newly formed dendritic spines
and may contribute to the maturation and maintenance
of nascent spines (Tolias et al. 2005; Ahmed et al. 2006;
Xie et al. 2007). Thus, the regulation of the intracellular
Ca** concentration is of major importance not only
to dendritic outgrowth, but also to activity-dependent
synapse formation.

Activity-dependent dendritic Ca’" transients were
found to be extensively characterized in juvenile rat
hippocampal pyramidal cells at 2-3 weeks after birth
(Helmchen et al. 1996; Sabatini et al. 2002; Scheuss et al.
2006). In animals younger than postnatal day 12, however,
action potential (AP)-induced dendritic Ca*" transients
are thought to be very small and negligible in CAl
pyramidal cells (Isomura & Kato, 1999). This appears to

contradict the suggestion that Ca*"-dependent processes
contribute to dendritic growth and activity-dependent
synapse formation at a younger age. Therefore, we
investigated dendritic Ca** influx, buffering and extrusion
in rat CAl pyramidal cells during the first 1-5 weeks of
postnatal rat development. We have focused on back-
propagating APs (bAPs), which generate §-like Ca**
influx, which is perfectly suited to the study of dendritic
Ca** buffering and Ca?* extrusion because influx and
extrusion are temporally separated. We show for the first
time that single Na, channel-dependent bAPs induce large
dendritic Ca*" transients already in young neurons at
P7-P9 similar to mature pyramidal cells. Surprisingly,
during continuous theta-burst firing, dendritic Ca**
signals are 2- to 3-fold larger at 1 week after birth as
compared to 4-week-old animals.

Methods
Ethical approval

The use and care of experimental animals (Wistar
rats) in this project was approved by the Animal
Advisory Committee of the Regierungsprasidium
Freiburg (Germany) and the Kanton Basel (Kantonales
Verterindramt BS, Switzerland).

Slice preparation

Transverse slices of 350 um in thickness were cut from
the hippocampus of Wistar rats aged 5—37 days using
a Leica VT1200 vibratome (Leica Microsystems GmbH,
Wetzlar, Germany) (Geiger et al. 2002; Bischofberger et al.
2006). Slices were taken from the middle third along
the dorso—ventral axes of the hippocampus. For data
analysis, P7—P9 and P26—P29 refer to rats aged 1 week
and 4 weeks, respectively. The animals were anaesthetized
with isoflurane added to the oxygenated inspiration air-
flow (4-5%; Abbott GmbH & Co. KG, Ludwigshafen,
Germany) and killed by decapitation in accordance with
national and institutional guidelines. Slices were kept
at 35°C for 30 min after slicing and then stored at
room temperature in artificial cerebrospinal fluid (ACSF)
containing 125 mM NaCl, 25 mMm NaHCOj3, 2.5 mMm KCl,
1.25 mm NaH, POy, 2 mm CaCl,, 1 mm MgCl, and 25 mMm
glucose. For tissue from animals older than 2 weeks, we
used a sucrose-based solution for cutting and storage
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containing 87 mM NaCl, 25 mm NaHCOs3, 2.5 mm KCl,
1.25 mMm NaH,POy, 75 mM sucrose, 0.5 mM CaCl,, 7 mM
MgCl, and 10 mM glucose (equilibrated with 95% O, to
50/0 COz)

Electrophysiology

CAl pyramidal neurons were visually identified using
infrared differential interference contrast (IR-DIC) video
microscopy. For all age groups we selected superficial
pyramidal cells with the soma located close to the
stratum radiatum. For electrophysiological experiments,
slices were continuously superfused with ACSF at near
physiological temperature (approximately 33°C). Patch
pipettes (4-7 M) were pulled from borosilicate glass
tubing with a 2.0 mm outer diameter and 0.5 mm
wall thickness (Hilgenberg GmbH, Malsfeld, Germany).
The pipettes were filled with a solution containing
120-135 mM K-gluconate, 20 mm KCI, 4 mm MgCl,,
2—4 mM Na,ATP, 0.3 mM NaGTP, 2 mm Na-ascorbate,
2 mM Na,-phosphocreatine, 10 mm HEPES and 0.2%
biocytin. The pH was adjusted to 7.3 by adding potassium
hydroxide (KOH).

Voltage signals were measured with a MultiClamp 700 A
amplifier (Molecular Devices, Inc., Palo Alto, CA, USA)
in current clamp mode, filtered at 10 kHz and digitized
at 20 kHz using a CED Power1401 interface (Cambridge
Electronic Design, Cambridge, UK). Data acquisition and
analysis were achieved using custom software (FPulse
3.33; U. Frobe, Physiological Institute Freiburg, Freiburg,
Germany) running under IGOR Pro 6.21 (WaveMetrics,
Lake Oswego, OR, USA) and GraphPad Prism Version
5.0 (GraphPad Software, Inc., San Diego, CA, USA).
All neurons chosen in this study generated overshooting
APs during injection of depolarizing current. At 4 weeks
(P26—P29), pyramidal cells had a resting membrane
potential of between —75 mV and —65 mV. In rats
aged 1 week (P7-P9), pyramidal cells were slightly
more depolarized between —70 mV and —60 mV. The
membrane potential of all neurons was adjusted to about
—70 mV throughout the experiment by small depolarizing
or hyperpolarizing current injection.

Cells were filled for at least 15 min in whole-cell voltage
clamp with a stable series resistance of Rg < 15 M. Sub-
sequently, bAPs were elicited in current clamp mode via
current injections of 2 ms in duration with an amplitude
in the range of 0.5-2.5 nA to reliably evoke APs. Series
resistance and pipette capacitance were compensated. To
examine the contribution of Na, channels to dendritic
backpropagation, AP firing was blocked with 1 uMm
of TTX (Alomone Labs, Jerusalem, Israel). Mock APs
were generated by adjusting the amplitude of 2 ms
current pulses until the peak amplitude of the passive
somatic voltage response was similar to the previously
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measured AP amplitude in young (115.9 £ 2.8 mV vs.
103.5 £ 1.4 mV, average of five APs, n = 4 cells) and
mature (115.2 £ 2.7 mV vs. 104.8 = 1.7 mV, average of
five APs, n = 4 cells) pyramidal cells.

Fluorescent measurements

For ratiometric Ca’t imaging, the Ca’"-sensitive
fluorescent dye Fura-FF (100-200 pm) or Fura-2
(50-200 uM) (Invitrogen, Inc., Eugene, OR, USA) was
added to the pipette solution. The excitation light
source (Polychrome V; TILL Photonics GmbH, Munich,
Germany) was coupled to the epifluorescent port of the
microscope via fibre optics (Zeiss Examiner, equipped
with a 63x NA1.0 water immersion objective; Carl
Zeiss Microscopy GmbH, Jena, Germany). To minimize
bleaching, the light intensity was reduced to 5-10%
by neutral density filters. The filter combination for
fluorescence excitation and emission comprised a beam
splitter (BSP400) and an emission filter (BP430-630) from
AHF Analysentechnik AG (Ttibingen, Germany).

Fluorescence ~was measured with a cooled
frame-transfer CCD camera system (Sensicam; TILL
Photonics GmbH). Images were obtained with 8 x 32
binning at a 100 Hz repetition rate using TillVision
4.0. Fluorescence was measured in dendritic regions of
interest (ROIs; typical size 5 x 10 um) along the apical
dendrite of the CAl pyramidal cells at a distance of
~25 pum (proximal) or ~100 um (stratum radiatum)
from the centre of the soma. The fluorescence signals
were corrected for background fluorescence, which was
measured in neighbouring ROIs shifted by approximately
10—15 pm with respect to the original ROI, avoiding the
presence of dendritic processes (Normann ef al. 2000;
Aponte et al. 2008).

The background fluorescence signal often contained
some stray light from dendritic fluorescence. As a result, an
AP-dependent reduction of the background fluorescence
up to ~5% was observed, indicating a scattering of
Fura emission into the background ROI. Therefore, we
developed a method to subtract this AP-dependent Fura
fluorescence from background ROI signals. The stray light
factor fwas estimated by calculating the ratio of the peak
amplitude of the AP-induced reduction of fluorescence
in the background ROI and the dendritic ROL As the
fluorescence of our ROIs is the sum of a Ca’"-dependent
Fura signal F and a Ca’>"-independent background signal
BG, we assume:

ROI%*" = F%" 4 BG 1)

ROI® = f*Fdn 4 BG 2)
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Eliminating F%" from (1) and (2) resulted in an estimate
of the Fura-independent background signal BG:

BG = (ROI" — f*ROI*") /(1 - f) (3)

which no longer showed any AP-induced reduction
in fluorescence intensity. These Ca’"-independent BG
fluorescence traces were subtracted from the ROI®"
fluorescence signals according to eqn (1) to finally obtain
the dendritic Fura fluorescence F %",

Calibration of ratiometric Ca?2* measurements

To convert the fluorescence signals into Ca**
concentrations, we used the isosbestic ratioing method
as described previously (Normann et al. 2000; Aponte
et al. 2008). Briefly, the AP-induced fluorescence change
was recorded at an excitation wavelength of 380 nm
for a duration of 2-8 s. The isosbestic fluorescence was
measured immediately before and after these sweeps for
about 100-150 ms, respectively, using an excitation wave-
length of 357 nm (the Ca*"-insensitive wavelength in our
experimental conditions). To obtain the dendritic Fura
fluorescence at the excitation wavelength of 380 nm (Fsg),
the Ca’"-independent BG fluorescence traces (eqn (3))
were low pass-filtered using a binomial filter (~20-40
points) and subtracted from the ROI*" fluorescence
signals according to eqn (1). For the isosbestic excitation
wavelength, eqn (2) was subtracted from eqn (1) to
calculate the background-corrected F;s;. Finally, Fs57 was
linearly extrapolated from the beginning to the end of the
sweep.

The ratio of the background corrected fluorescence
signals R = Fs57/F350 was then calculated and converted
into the Ca’" concentration using the equation
(Grynkiewicz et al. 1985):

[Caz+] = Keff (R = Rpin) / (Rmax — R) (4)

with Kef = Kq (Rmax/Rmin); Where Ky is the dissociation
constant, Ry, the ratio in Ca?T-free solution and
Rimax the ratio when Fura is completely saturated with
Ca’T. Ryin and Ry, were determined with internal
solutions containing either 10 mmM EGTA or 10 mMm
CaCl,. Using these solutions, we obtained ratio values
of Rypin = 0.44 £ 0.01 (n = 5) and Ry = 3.26 £ 0.04
(n=15) for Fura-2. The corresponding values for Fura-FF
were estimated as Ry, = 0.40 & 0.01 (n = 4) and
Riax = 3.20 £ 0.05 (1= 6). The dissociation constant was
assumed to be K4y = 286 nM and K4 = 4.18 uM for Fura-2
and Fura-FF, respectively (Helmchen et al. 1996; Aponte
etal. 2008). The resting Ca®* concentration obtained with
100 uM Fura-2 and the standard internal solution was on
average 53 + 7 nM (n = 39), which is similar to previously
reported values for CAl pyramidal neurons (Helmchen
et al. 1996; Normann et al. 2000).
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Data analysis and a single-compartment model

Ca?* traces were analysed using custom programs running
under Igor 6. To optimize signal-to-noise ratio, 10 to
20 sweeps were averaged and low pass-filtered using
a three-point binomial filter. The exponential decay of
the Ca’" concentration was either fitted with a mono-
exponential function, or after theta-burst stimulation
(TBS), with the sum of two exponentials, and the
amplitude-weighted time constant was calculated (Aponte
et al. 2008). To analyse dendritic Ca’" buffering, a
single-compartment model was used assuming that influx
and equilibration with intracellular Ca®* buffers are fast
compared with Ca’* extrusion mechanisms as previously
described (Helmchen et al. 1996; Aponte et al. 2008).
Briefly, the fraction of Ca®* which binds to endogenous
Ca’" buffers (S) during a short AP-evoked Ca** influx
can be quantified by the Ca?* binding ratio defined as:

ks = A[SCa]/A[Ca®]; (5)

where A[SCa] represents the increase in buffer-bound
Ca’* and A[Ca’")]; the increase in the free Ca’*
concentration (Neher & Augustine, 1992). Similarly the
Ca?* binding ratio of fura (at a certain concentration B)
can be expressed as k5 A[BCa] / A[Ca®"];. Assuming that
the intracellular Ca?* concentration within the dendritic
compartment of the recorded ROI is homogeneously
elevated during an AP from a resting level [Ca’T]; to
the peak level [Ca*],, this binding ratio can be calculated
from the law of mass action as:

iy = BKq/(([Ca**], + Ka)([Ca** ], + Ka))  (6)

with B, and Ky representing the total concentration
and the Ca** dissociation constant of fura, respectively
(Neher & Augustine, 1992). As already mentioned, we
assumed that Ca*™ ions enter a dendritic compartment
with the volume Vand rapidly bind and distribute between
the different buffers. The total amount of Ca®* ions
(Ca**) will partially increase the Ca*"-bound fraction
of fura (A[BCa]), the Ca?>*-bound fraction of the end-
ogenous Ca’" buffers (A[SCa]), and will also appear as
an increase in the free Ca’" concentration (A[Ca?t];).
This relationship can be expressed as:

A[Ca?"]r = A[Ca*"]; + A[BCa] + A[SCa] (7)

with A[Ca’T]io = Ca’Ty/V, representing the total
increase of the intracellular Ca’t concentration.
Therefore, the increase in the intracellular Ca’*t
concentration is linearly related to the Ca** binding ratio
of fura-2:

A[Ca*tior = A[Ca* Ji(1 + kp + k) (8)

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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After the rapid increase, the Ca’" transient
exponentially decays back to resting Ca®" concentration
according to the equation:

A () = Aexp(—t/1) (9)

with the peak amplitude A = A[Ca® /(1 + kg + ks)
and the decay time constant T = (1 + «p + ks)/y, which is
dependent on Ca** pumpsand transporters, characterized
by a single lumped extrusion rate y. The endogenous Ca>*
binding ratio xs was estimated by variation of xp via
different concentrations of the exogenous Ca** buffers
Fura-2 and Fura-FE. The inverse amplitude of the Ca**
transients was plotted against «p to obtain kg as well as the
total Ca’" load A[Ca®"] by linear extrapolation from
the slope (1/A[Ca?"],,) and the x-axes intercept (1+ks)
according to:

ATV =1+ Kp+ KS)/A[CaZ+]tot (10)

In the buffer competition experiments (Fig. 3), the peak
amplitude of single AP-evoked transients was estimated by
extrapolating the exponential time course to the mid-point
of the rising phase A = A™e®%d exp( At/7). Similarly, the
decay time constant t was plotted against «p to obtain the
Ca*" extrusion rate y by linear extrapolation according to:

T=(1+«kp+ks)/y (11)

Modelling of non-linear dendritic Ca** signalling. In
order to simulate dendritic Ca*" accumulation, we
calculated the linear summation of single AP-evoked Ca**
transients using the amplitude A; and the decay time
constant t; measured with Fura FF for a single AP. For
single bursts of n APs with an interspike interval At, the
peak amplitude was calculated either numerically as the
linear sum of single transients:

Aw=A1Y exp(—(i—1)" At/1y) (12)
i=1

or analytically via geometric progression as:
A, =A (1—=a") /(1 —a),witha: =exp(—At/r;) (13)

similar as previously described (Regehr & Tank, 1994;
Helmchen et al. 1996).

During theta-burst stimulation (TBS,,), brief bursts of
n APs (3—10 APs at 100 Hz) were repeated 10 times at a
rate of 5 Hz. To simulate Ca’>" accumulation during TBS
firing, we first calculated the integral of the Ca*" signals as
a linear summation of single AP-evoked transients from

eqn (9):
fA[Ca]l (l’) dt = 10nA 0y (14)

As a second approach we modelled TBS more precisely,
taking into account that the Ca’" influx, and therefore the
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slope of rise of the individual burst-evoked Ca®" trans-
ients, decreased during TBS. This was represented by
an experimentally obtained normalized rise-time factor
r; < 1. Furthermore, the time-dependent slow-down of the
Ca** decay time constant was calculated as an exponential
transition from single burst decay t; towards the decay
time constant measured after the last burst ;. Thus, the
integral of the Ca>* signal can be expressed as:

10
S A[Cali () dt = nAy7 Y rilexp(—(i— 1)

=1
*At/ Trps) + tio/ti(1 — exp(— (i — 1)* At/ Trgs)) (15)

with Ar= 0.2 s (5 Hz TBS) and Trps representing the
time constant of the slow-down of the Ca** extrusion
rate measured after the individual burst during the TBS
paradigm.

Statistics. Two-tailed unpaired signalling was used
to calculate P-values of normally distributed
data (peak amplitudes of calcium transients);
Wilcoxon—Mann—Whitney tests were used otherwise.
Normality was tested using the D’Agostino and Pearson’s
omnibus normality test implemented in GraphPad Prism
(Version 5.0).

Results

Active dendritic backpropagation in young CA1
pyramidal cells

To study the postnatal development of AP-induced
dendritic Ca*" transients in CAl pyramidal cells,
we performed ratiometric Ca®" imaging in acute
hippocampal brain slices from 5- to 37-day-old rats. Brief
current injections (2 ms) evoked large overshooting APs
in all recorded neurons consistent with previous reports
(Costa et al. 1991). Using the low-affinity Ca®*-sensitive
dye Fura-FF, we found large AP-evoked dendritic Ca*"
transients in the pyramidal cells from all age groups
including P7-P9 (Fig. 1). A brief burst of five APs evoked
Ca** transients in apical dendrites of young pyramidal
cells with an amplitude of 363 £ 27 nM (n = 10) at a
distance of 25 umand 438 £ 40 nM (n=9) at 100 um from
the soma (Fig. 1A and B), with no significant deviation
from normal distribution (P = 0.98 and P = 0.20). In cells
from rats aged 4 weeks, dendritic Ca?* transients were
slightly larger at proximal locations (551 = 34 nM, 25 pum,
n=11), but had amplitudes similar to those of young cells
at 100 um from soma (467 £ 33 nMm, n = 12) (P = 0.58)
(Fig. 1E and F), which were also normally distributed
(P=0.97 and P = 0.54, respectively). These data suggest
that growing dendrites of developing CA1 pyramidal cells
can generate large dendritic Ca** signals already 1 week
after birth that are similar to those in mature neurons.
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To analyse the contribution of voltage-gated sodium
(Nay) channels to dendritic backpropagation, we
bath-applied 1 uM TTX and generated brief bursts of three
to 10 mock APs with an amplitude similar to that in Na,
channel-dependent APs in young and mature pyramidal
cells (Spruston et al. 1995; Bischofberger & Jonas, 1997).
Whereas the mock APs generated similar Ca*" transients
in proximal dendrites in young (Fig. 1C and D, blue)
and mature (Fig. 1G and H, blue) pyramidal cells, the

A 1 weekold rat B

ctrl.

current clamp

l | 40 mv

E 4 weeks old rat F

prox.

current clamp
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amplitude in the middle of stratum radiatum (~100 pm)
was significantly reduced to ~60% (5-10 APs, n = 4;
P < 0.05) and ~30% (5-10 APs, n = 4; P < 0.001) of
control at 1 week and 4 weeks, respectively. This indicates
that, in the absence of TTX, APs actively propagate into
the dendritic tree of CA1 pyramidal cells starting already
at early developmental stages around 1 week after birth.
When plotting the amplitude of backpropagation-
induced dendritic Ca** transients vs. the age of animals

C D
TTX

4 6 8 10
AP number
current clamp \E;:/ 1000
s 900
g o
...................... 2 4 6 8 10
AP number
G H
rad rad.
................................................ S 1000
£
E_ 500
.___._/-i———i
< 0
prox. 2 4 6 8 10
AP number

2 4 6 8 10
AP number

Figure 1. Active dendritic action potential (AP) backpropagation in young CA1 pyramidal cells

A, biocytin-filled young pyramidal neuron (P7) with recorded regions of interest (ROIs) indicated by white boxes.
B, AP-evoked dendritic Ca?t transient (five APs at 100 Hz) measured in stratum radiatum and proximal apical
dendrite from the cell in A (top), and corresponding current clamp recordings of evoked APs (bottom). C, traces for
the same cell as in A and B after bath-applying 1 um TTX. D, average amplitudes for cells from rats aged 1 week
in control (n = 10, black) and in 1 um TTX (n = 4, blue) in stratum radiatum (top), and average amplitudes in
control (black) and in 1 um TTX in proximal dendrites (bottom). E, biocytin-filled mature pyramidal neuron (P28). F,
AP-evoked dendritic Ca?* transient (five APs at 100 Hz) measured in stratum radiatum and proximal apical dendrite
from the cell in E (top), and corresponding current clamp recordings of evoked APs (bottom). G, example traces
for the cell in E after bath-applying 1 um TTX in saline. H, average amplitudes for cells from rats aged 4 weeks
in control (n = 12, black) and in 1 um TTX (n = 4, blue) in stratum radiatum (top), with average amplitudes for
cells from animals aged 1 week shown for comparison in grey (taken from D top, black), and proximal dendrites
at 4 weeks (bottom). Continuous black lines in panel D and H represent linear Ca2* accumulation [eqn (13), see

text].

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 592.22

(Fig. 2A and C), we found that dendritic Ca*" trans-
ients rapidly increased after P5. An exponential function
fitted to values recorded at a distance of 100 um from
the soma indicated that the amplitude was already 81%
at P8 and 99% at P14 relative to that in animals
aged 4 weeks. Similarly, the decay time course of Ca*"
transients was slower in young animals, but rapidly
decreased to 175% and 107% at P8 and P14, respectively
(Fig. 2B and D). These data show that APs actively
backpropagate into apical dendrites of immature CAl
pyramidal cells, generating large Ca?* transients with
mature-like amplitude at 1 week and mature-like decay
at 2 weeks after birth.

Postnatal development of Ca?* buffering and
extrusion

How can immature neurons generate such large dendritic
Ca’* signals at only 1 week after birth? The large
amplitudes in young animals may be generated by a high
‘mature-like’ density of voltage-gated Ca** channels or
a smaller Ca?* influx combined with reduced dendritic
Ca** buffering in young cells. To understand the under-
lying mechanisms, we compared dendritic Ca*" influx
and buffering in animals aged 1 week and 3-4 weeks
using Fura-FF and different concentrations of Fura-2 to
differentially compete with endogenous dendritic Ca*"

A 2000 radiatum
Z 1500
(0]
S 1000+ . .
0 T T T 1
0 10 20 30 40
Age (days)
C 2000 .
— proximal
Z 1500
(0] L[]
S 1000+ :
= .e a8
g 500 /(/‘f . .
0 T T T 1
0 10 20 30 40
Age (days)
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buffers (Helmchen et al. 1996). As shown in Fig. 3,
the application of 100 uM Fura-2 substantially reduced
the amplitude of Ca’* transients in young and mature
cells evoked by single bAPs in comparison with Fura-FF
(Fig. 3A). However, the effect of Fura-2 was larger at
1 week than at 4 weeks after birth (Fig. 3A, dotted
lines). To estimate the total Ca?>" influx A[Ca?T ], and
the endogenous Ca?" binding ratio «s, we plotted the
inverse amplitude against the exogenous binding ratio
introduced by Fura-2 (Fig. 3B and D). Consistent with
a linear compartment model, we were able to fit the
data from young cells by linear regression, which revealed
A[Ca?* )it = 10 £ 2 uM and an endogenous binding
ratio ks = 69 £ 52 from the slope and x-axes intercept,
respectively (© = 0.60) [eqn (10), Table 1]. By contrast, in
mature cells the Ca>* load (A[Ca®T )i = 44 + 5 uM,
r = 0.74) as well as the endogenous binding ratio
(ks = 276 £ 45) were about four times larger. As a
result, the amplitude of single AP-evoked Ca?' trans-
ients revealed by the inverse y-axes intercept was similar in
young (Ap = 145 nMm) and mature cells (A4g = 160 nm).
The extrapolated amplitudes were also similar to the
amplitudes measured directly with the low-affinity dye
Fura-FF in animals aged 1 week (A =108 = 20 nMm, n=6)
and 4 weeks (A = 103 £ 12 nM, n = 7), which did not
differ significantly between the two age groups (P = 0.80).
These values are smaller than the amplitudes obtained
from buffer competition experiments, probably as a result
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Figure 2. Rapid postnatal development of dendritic Ca?t transients

A, filled circles represent measured amplitudes in stratum radiatum (100 M from soma) for brief bursts of five
action potentials (APs) at 100 Hz vs. age of the rats. B, corresponding measured monoexponential decay time
constants for Ca2* transients in A. C, amplitudes of CaZ* transients in proximal dendrites (25 m from soma) for
brief bursts of five APs at 100 Hz vs. age of the rats. D, corresponding monoexponential decay time constants for
Ca?t transients in C. Data points in A—D were fitted with an exponential function represented by black traces

(n = 28).
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of the non-zero buffer capacity of Fura-FF («p = 36). These
data indicate that there is a large increase in dendritic Ca**
influx during the first 4 weeks of postnatal development.
However, this seems to be compensated by a similar
increase in endogenous buffer capacity. As a result the
amplitude of AP-evoked dendritic Ca’" signals is very
similar throughout postnatal development (Fig. 2).

We further analysed the decay time course of the
Ca?t transients, which could be well fitted by a mono-
exponential function independent of cell age. The decay
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time constants measured with Fura-FF were significantly
slower in rats aged 1 week (7 = 170 = 9 ms, n = 6 cells)
than in those aged 4 weeks (t = 93 &+ 5 ms, n = 7 cells)
(Fig. 3A, Fig. 4E). The Ca’" transients measured with
different concentrations of Fura-2 showed a markedly
slower decay time course compared to Fura-FF, which is
consistent with the linear compartment model (Fig. 3).
Similarly to the amplitude analysis, we plotted the decay
time constant T against kp for the different ages (Fig. 3C
and E). Linear regression revealed a substantially smaller

3-4 weeks

100 nM
05s

D 100
. 80
Z 60
T < 40
20

T 1 ‘I’ T T
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CaZ+-binding ratio (xg)
E
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Figure 3. Small Ca?* buffer capacity and slow extrusion rate in young pyramidal cells

A, action potential (AP)-evoked Ca2* transients in cells from rats aged 1 week (left) and 4 weeks (right) measured
with Fura-FF and different concentrations of Fura 2 (single AP, black traces). Red and blue lines represent mono-
exponential functions fitted to the measured data. B, inverse peak amplitudes plotted vs. exogenous calcium buffer
capacity kg at 1 week (n = 23). C, open circles represent measured monoexponential decay time constants plotted
vs. exogenous calcium buffer capacity «g. The red lines in B and C show a linear regression through the data
points. D, inverse amplitudes plotted vs. exogenous calcium buffer capacity «g in cells from rats aged 3—4 weeks
(n = 28). E, open circles represent measured monoexponential decay time constants for transients plotted vs.
exogenous calcium buffer capacity kg. The blue lines in D and E show a linear regression through the data points.
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Table 1. Ca?t dynamics in apical dendrites of developing CA1
pyramidal cells

Animal age

1 week 2 weeks 3—4 weeks
Ao 145 nm 150 nm” 160 nm
[Ca%tliot 10 um 25 pum* 44 um
«s (from A1) 69 168" 276
Tdecay 0.17s" 0.09s" 0.09s"
Alntegral 15-30 nM s ~15nMs’ ~10nms"

per spike

*Taken from Helmchen et al. (1996). TValues obtained from
Fura-FF data.

A 1 week
_/M

1 AP |

5 APs \__A__\_/\\"\s--s___~

10APs ./
| 200 nm
0.2s
B 4 weeks
TAP
5 APs
(11

Calcium signalling in developing CA1 pyramidal cells

4939

extrusion rate of y = 337 & 35 s~ ! at 1 week (> = 0.81)
vs.y = 1444 4 263 s ! at 4 weeks (7 = 0.54) [eqn (11)].
This four- to five-fold difference in Ca®* extrusion trans-
lates into a smaller difference in decay time course (0.17 s
vs. 0.09 s), most probably because of the different Ca*"
binding ratios in young (ks = 70) and mature (ks = 280)
cells.

Taken together, the buffer competition data show that
the Ca>" influx in CA1 pyramidal cell dendrites is four
times larger at 4 weeks than it is at 1 week of age (40 um
vs. 10 um). This seems to be balanced by a four-fold
upregulation of the endogenous Ca** buffer capacity (280
vs. 70), and a five-fold increase in Ca’* extrusion rate,
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Figure 4. Slower decay of Ca®* transients in young cells during brief bursts of APs

A, CaZ* transients in a pyramidal cell dendrite (100 M from soma) from a rat aged 1 week evoked with different
numbers of action potentials (APs) at 100 Hz measured with Fura-FF (200 wm). Decay was fitted monoexponentially
in red. The dotted line represents the measured Ca?* trace obtained with one AP, scaled to the amplitude size of
10 APs. B, example traces from a cell aged 4 weeks. The dotted line represents the measured Ca%* trace obtained
with one AP, scaled to the amplitude size of 10 APs. C, decay rate vs. peak amplitude in cells from rats aged
1 week. Linear regression through the data points is shown by a red line (r = 0.84 4 0.10, n = 6 cells). D, decay
rate vs. peak amplitude in cells from rats aged 4 weeks. Linear regression through the data points is shown by a
blue line (r= 0.87 £ 0.10, n = 7 cells). £, decay time constants after brief bursts vs. number of APs in the burst.
The red and blue lines are linear fits through the data points for cells from rats aged 1 and 4 weeks, respectively.
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resulting in Ca’" transients with similar amplitudes in
young and mature pyramidal cells.

Effective linear summation of Ca?* transients during
brief bursts of APs

To investigate the activity-dependent summation of
dendritic Ca®" transients during repetitive AP firing, we
first compared the decay of Ca?* transients after single
APs with the decay after brief bursts (100 Hz) of three, five,
eight and 10 APs using Fura-FF (Fig. 4). As already shown
in Fig. 2, the decay is slower in younger cells and gradually
speeds up with postnatal development. The decay time
course did not change between different stimulation
paradigms (Fig. 4A and B) and linear regression analysis
shows that decay of Ca’" transients evoked by one to
10 APs is not significantly different (Fig. 4E) (1 week,
n =13 cells: P = 0.88; 4 weeks, n = 13 cells: P = 0.76).
Next, we plotted the initial decay after the peak against the
peak calcium concentration. The initial decay could be
well fitted by linear regression (7= 0.84 & 0.10 for 1 week;
r = 0.87 £ 0.10 for 4 weeks), indicating that the Ca?t
extrusion rate y is independent of Ca’*" concentration
within the investigated range up to ~1 uM. Therefore, we
modelled the peak amplitude of brief bursts as a linear
superposition of single APs using the average amplitude
and decay time course of single AP-evoked Ca’*" trans-
ients (Fig. 5A—C). The numerical simulations [red and
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blue line; eqn (13)] could nicely fit the measured data
(grey). The peak amplitude (789 4= 64 nM vs. 619 £ 35 nm
for 10 APs; P = 0.028) was slightly larger in young cells
than in mature cells as a result of the slower decay time
course and thus a more effective temporal summation.

Similarly, we measured the total integral of dendritic
Ca’* signals evoked by brief bursts of bAPs (Fig. 5D),
which was significantly larger in young (152 & 12 nm s for
10 APs, n = 13) than in mature (106 &= 5 nM s for 10 APs,
n=13) cells (P=0.005). We further calculated the integral
of Ca?* transients as the linear sum of the integral of single
APs (young: 18.7 £ 1.0 nM s vs. mature: 10.9 + 0.8 nM s,
n = 6 each), which again nicely reproduced the measured
burst data (Fig. 5D, continuous line). Similar data were
obtained at proximal dendritic locations exemplified by
the linear superposition of calcium transients [Fig. 1D
and H, continuous black lines; eqn (13)], which nicely
reproduced the measured data. Taken together, the data
show the linear summation of dendritic Ca®t signals
during brief bursts in both young and mature cells, and,
secondly, a more effective temporal summation in the
young neurons generated by the slower decay time course
of dendritic Ca*" signals.

Activity-dependent spike broadening during burst
firing

Previously, it was shown that the AP waveform in CAl
pyramidal cells is developmentally regulated (Costa et al.

B 4 weeks

200
150
100

Integral (nMes)

AP number

Figure 5. Effective temporal summation of dendritic Ca?* transients during brief bursts of action

potentials (APs)

A, B, Ca?t transients evoked by 10 APs at 100 Hz in a young (A, P7) and mature (B, P28) pyramidal cell with
simulated Ca?* concentrations, modelling linear superposition of single AP-evoked transients in red and blue,
respectively. C, peak amplitudes of Ca?* transients evoked by brief bursts in young (red) and mature (blue) cells
plotted vs. the AP number. Continuous lines show the simulated amplitude predicted by linear superposition. D,
integral of the Ca%* transients plotted vs. the burst AP number. Continuous lines represent the modelled values.
Data points in C and D represent means of n = 6—13 cells (young) and n = 7—13 cells (mature).
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1991). A potentially slower time course of bAPs in young
pyramidal cells may contribute to the large dendritic Ca**
signals. Therefore, we analysed somatic APs at different
developmental stages, which should be largely identical to
the voltage waveform in the proximal dendrites (~25 pum).
A short burst of 10 APs was evoked with brief somatic
current injections in young and mature neurons (Fig. 6).
The amplitude of the first AP was significantly smaller in at
1 week than at 4 weeks (94.1 2.3 mV vs5. 111.9 & 2.8 mV,
n=12each; P<0.001). Similarly, the maximal slope of rise
was smaller in the younger neurons (246 £ 22V s~!) than
in mature pyramidal cells (450 & 22 V s™!, n = 12 each)
(P < 0.0001), indicating a two-times lower expression
density of voltage-gated Na, channels. By contrast, AP
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duration at half maximal amplitude and the maximal
rate of decay were relatively similar at 1 and 4 weeks
[half-duration: 1.08 = 0.08 ms vs. 1.00 &= 0.03 ms, n =12
each (P = 0.84); slope of decay: 92 4+ 4 V s7! vs.
102 +£5Vs™!, n=12each (P=0.10)]. This suggests that
APs are slightly smaller at 1 week compared with 4 weeks,
at least at the soma and proximal dendritic locations.
During burst firing of 10 APs, however, substantial
changes developed in young as well as in mature neurons.
In mature pyramidal cells there was a slow-down of the
maximal rate of AP repolarization to 51 & 5% of control
(n=12) (Fig. 6F, blue), leading to significant broadening
of the half-duration of the 10th AP to 1.74 £+ 0.09 ms
(n=12; P < 0.001) (Fig. 6D, blue), probably attributable
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Figure 6. Activity-dependent spike broadening during brief bursts

A, a brief burst of 10 action potentials (APs) was evoked in a young (P9, upper trace) and a mature-like (P27, lower
trace) pyramidal cell by brief 2 ms current injections at 100 Hz. B, the first and last APs from the recordings in A
were plotted at an expanded time scale to show the pronounced AP broadening in the young cell (upper trace).
C, peak amplitude was measured for all APs during the burst and plotted against spike number in young (red,
n = 12) and mature (blue, n = 12) cells. D—F, similarly, the half-duration (D), the maximal slope of rise (E) and the
maximal slope of decay (F) were plotted for the same cells as in C.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



4942

to K-channel inactivation (Kim et al. 2005). Remarkably,
this activity-dependent K-channel inactivation was much
more pronounced in young neurons, showing a reduced
rate of decay to 29 + 2% (n = 12) (Fig. 6F, red) and
a broadening of the half-duration to 3.33 + 0.32 ms
(n = 12) (Fig. 6D, red) after 10 APs, significantly larger
than in mature cells (P < 0.001). This may be generated
by a relatively higher density of transiently inactivating
K-currents in young CA1 pyramidal cells (Klee et al. 1995).
As voltage-gated Ca?* influx is proportional to the AP
half-duration, the activity-dependent spike broadening
would indicate that the Ca’" influx per spike increases
during burst firing in both young and mature cells, leading
to a supralinear increase of Ca®* transients with increasing
AP number. By contrast, we observed a rather linear
increment of the integral of the Ca’" transients with
AP number in both young and mature neurons (Fig. 5).
This would suggest that somatic spike broadening is
counterbalanced with dendritic Ca>™ channel inactivation
(Magee & Johnston, 1995; Kavalali et al. 1997) and/or a
decrease in backpropagation efficiency with increasing AP
number (Spruston et al. 1995). As linear summation of
Ca’* transients was also observed at proximal dendritic
locations close to the soma (Fig. 1D and H), Ca** channel
inactivation contributes significantly. As AP broadening
is nearly twice as pronounced in the younger cells
(AP half-duration: 3.33 ms vs. 1.75 ms), Ca’** channel
inactivation may be more pronounced in the younger
neurons, as suggested previously (Thompson & Wong
1991).

Taken together, APs in young pyramidal cells show on
average a smaller amplitude and a longer half-duration
than mature cells. Furthermore, Ca** influx during AP
firing is probably a complex interplay between changes
in AP waveform and Ca®t channel inactivation, which,
however, results in an overall relatively constant Ca?t
influx per spike during brief bursts in both young and
mature neurons.

Supralinear summation of dendritic Ca* signals in
young CA1 pyramidal cells during prolonged AP firing

During spatial exploration in vivo, CA1 pyramidal cells fire
brief bursts of APs repeated at theta frequency (5-8 Hz)
(Buzsaki & Draguhn, 2004; Wills et al. 2010). Thus we
analysed the shape of APs during theta-burst firing with
bursts of three to 10 APs repeated at 5 Hz. As shown in
Fig. 7, the shape of the last AP burst after 10 repetitions
(burst 10, grey) was largely identical to the first theta-cycle
(burst 1, black) of the sequence in both young and mature
cells (Fig. 7A and B). The mean peak amplitude of the 10
APs was calculated for each burst and plotted against burst
number (Fig. 7C), which revealed that the amplitudes
do not change significantly between theta cycles. Further,

J. Pohle and J. Bischofberger

J Physiol 592.22

the mean maximal slope of rise, the maximal slope of
decay and the mean half-duration were relatively similar
(Fig. 7D—F).

We further investigated Ca’" signalling during TBS
paradigms with three to 10 APs per burst corresponding to
anaverage AP frequency of 15-50 Hz (Fig. 8). Surprisingly,
the maximal peak amplitude of the Ca®" signals during
theta-burst firing with 10 APs per burst (TBS10) was
about 2.5 times larger in cells from young animals
(1449 = 236 nM, n = 4) than in those from 4-week-old
animals (594 £ 46 nm, n=6) (P=0.002) (Fig. 8A and B).
Furthermore, the young cells showed a roughly three times
larger integral [2690 £ 463 nM s (n=4) vs.894 + 126 nM s
(n=6); P=0.0095] (Fig. 8C) and a 2.5-fold larger mean
plateau value [1000 + 170 nMm (n = 4) vs. 387 &+ 47 nM
(n=6); P=0.0095] than mature cells.

We calculated the Ca?* accumulation as a linear super-
position of the previously measured single burst trans-
ients [eqn (14)]. The simulation shows a linear increase
of the TBS-evoked Ca* signal integral with increasing
number of APs (Fig. 8C, dotted lines), in contradiction
with the measured TBS data in young cells, which show
a non-linear behaviour. For mature cells, however, the
linear prediction was similar to the measured data (blue
lines). Furthermore, we calculated the average increment
of the TBS integral per spike (A Integral per spike), which
should be equal to A;*t; according to eqn (14), and
independent of the AP frequency (Fig. 8D, dotted lines).
Again, this nicely fitted the data from pyramidal cells from
rats aged 4 weeks (A Integral per spike = 10 nM s), but
substantially deviated from the measured data in young
neurons (A Integral per spike = 13-27 nMm s). Thus,
the data from mature cells would be consistent with the
linear summation of dendritic Ca®* transients as described
previously for apical dendrites in CAl pyramidal cells
(Helmchen et al. 1996) (Table 1), which may provide
a linear ‘calcium code’ for firing rate (Johnston, 1996).
However, in the young neurons, the data strongly deviate
from the linear summation regime during continuous AP
firing.

Activity-dependent slow-down of Ca?* extrusion
during theta-burst firing

What might be the reason for this activity-dependent
supralinear increase in Ca®' concentration in young
pyramidal cells at 1 week after birth? It could be mediated
via an activity-dependent increase in Ca®" influx and/or
Ca?T-induced Ca’* release (CICR), or buffer saturation,
or activity-dependent reduction in Ca®* extrusion (Llano
et al. 1994; Scheuss et al. 2006). To distinguish between
these possibilities, the relative change of Ca*" influx
and extrusion was analysed during TBS firing (Fig. 9).
Measuring the rising slope of the Ca?* concentration
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during each burst of APs revealed a reduction of Ca*"
influx for TBS;( during the second burst of APs to 70 £ 5%
and 64 + 4% of control in young (n = 4) and mature
(n = 6) cells, respectively (Fig. 9C). From the third
burst onwards, however, the influx was relatively constant,
approaching ~50% in young and mature cells at the 10th
burst. This argues against an activity-dependent increase
in Ca®*t influx, CICR or buffer saturation. Similar results
were obtained for proximal dendrites showing a reduction
of Ca’* influx at the 10th burst of 50% and 85% in young
and mature cells, respectively. As the somatic AP wave-
form is relatively similar for the different theta cycles, the

A 1 week
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reduction of Ca’" influx may reflect incomplete recovery
from Ca’" channel inactivation between theta cycles, at
least in proximal dendrites.

Similarly, we also tried to estimate the extrusion rate
after each burst by normalizing the initial decay slope
to the peak amplitude. This analysis revealed a slight
reduction in initial extrusion rate in mature pyramidal
cells to about 87 + 6% after the 10th cycle relative to
the first cycle (n = 6) (Fig. 9D). Remarkably, this effect
was more pronounced in the young neurons, showing a
reduction of the initial decay slope to 66 &= 6% after the last
burst of the TBS (n = 4; P = 0.038 compared with mature
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Figure 7. Small changes of action potential (AP) waveform during repetitive theta-burst firing

A, the first (black) and 10th (grey) bursts recorded during a 5 Hz theta-burst stimulation (TBS) are superimposed
for a young pyramidal cell (P9). B, similarly, the first (black) and 10th (grey) bursts are superimposed for a mature
cell (P28). C—F, the mean amplitude (C), mean half-duration (D), mean maximal slope of rise (£) and mean maximal
slope of decay (F) were calculated from all 10 APs for each burst and plotted against burst number in animals aged

1 week (red, n = 4) and 4 weeks (blue, n = 6).

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



4944

cells). The gradual slow-down could be fitted with a
monoexponential function and developed with a time
constant of Trgs = 1.0 s in young and Trgs = 0.58 s
in mature cells (Fig. 9D).

By contrast with the single burst, the decay of the
Ca’" concentration after TBS showed a pronounced
biexponential time course (Fig. 9A and B). Fitting of the
decay after TBS revealed a substantially larger slow-down
in young cells (Fig. 9E and F, red) than in mature
cells (blue). The amplitude-weighted time constant after
TBS;p was three times slower in young (0.59 + 0.13 s,
n = 4) than in mature (0.20 & 0.02 s, n = 6) cells
(P = 0.0095). This slow-down of decay after TBS was
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more pronounced with increasing number of APs per
burst (Fig. 9E), indicating that this phenomenon might
be dependent on the intracellular accumulation of Ca®*
or Na™ ions. The slow-down of Ca?* extrusion after
TBS relative to single bursts was 365 + 15% (n = 4) in
young cells and thus significantly larger than the relative
slow-down in mature cells (200 + 14%, n = 6) using
the same stimulation pattern (Fig. 9F). Similar results
were obtained at proximal dendritic locations with a
slow-down of Ca’" extrusion after TBS, relative to single
bursts to 420 &+ 160% of control in young cells (TBS;:
0.67 £ 0.22's, n = 4 vs. one AP: 0.16 & 0.03 s, n = 7)
and to 200 £ 30% in mature pyramidal cells (TBS;o:
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Figure 8. Supralinear summation of dendritic Ca?t transients in young cells during theta-burst firing
A, B, Ca?* transients evoked by theta-burst stimulation of backpropagating action potentials (bAPs) with three,
eight or 10 APs evoked at 100 Hz repeated at a rate of 5 Hz, from a young (A, P7) and a mature (B, P28)
pyramidal cell. The decay time course was fitted with a biexponential function (black traces). C, integral of the
Ca?t transients measured in pyramidal cells at 1 week (red, n = 4) and at 4 weeks (blue, n = 6) plotted vs.
the average AP frequency. Dotted lines are the modelled values predicted by linear superposition [egn (14)]. D, the
relative contribution of single spikes to the total theta-burst stimulation (TBS) integral was plotted vs. the average
AP frequency (same cells as in C). Dotted lines represent the theoretically predicted contribution per spike [A1*71;
cf. egns (12), (13)] for linear superposition. continuous lines in C and D show simulated values for the Integral
(O) and Integral per spike (D) predicted by a more realistic model considering the activity-dependent reduction in
Ca?t influx and slow-down of extrusion [eqn (15)] during TBS firing.
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0.22 +£ 0.02s, n = 6 vs. one AP: 0.11 £+ 0.02 s, n = 7),
indicating that the strong activity-dependent slow-down
of extrusion in young neurons is present throughout the
apical dendrite. For comparison, the membrane potential
after TBS decays back to resting potential much faster
with monoexponential time constants of 13.3 + 4.4 ms
and 17.8 &+ 3.2 ms (Fig. 7) in young and mature cells,
respectively. These results show that dendritic Ca?* influx
is similarly reduced in both young and mature cells during
prolonged theta-burst activity. However, the decay time
course, and hence the extrusion rate, after TBS is sub-
stantially slower in cells from young rats than in those
from 4-week-old rats.
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We further tried to implement the reduction in Ca*"
influx and the activity-dependent slow-down of extrusion
to model the Ca®" transients during theta-burst firing.
Therefore, we assumed that the slow time course of
extrusion developed with the time constant Trpg obtained
for the slow-down of the initial decay rate during
TBS [Fig. 9D, eqn (15)], measured at each age group,
respectively. As shown in Fig. 8C and D, the simulations
(solid lines) nicely fit the measured data. This analysis
shows that the pronounced activity-dependent slow-down
of Ca?" extrusion in young pyramidal cells is sufficient
to explain the remarkable supralinear increase in the
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Figure 9. Activity-dependent slow-down of extrusion during theta-burst firing

A, B, Ca?* transients evoked by backpropagating action potentials (bAPs) during theta-burst stimulation (TBS) 10
in a young (P7) and a mature (P28) pyramidal cell (top). Corresponding APs measured in current clamp (bottom).
C, rising slope of the Ca* concentration during each burst in TBS was normalized to the first burst and plotted
against the theta cycle in young (n = 4, red) and mature (n = 6, blue) pyramidal cells. D, the initial decay rate after
each burst was divided by the peak amplitude, normalized to decay of the first burst and plotted against the theta
cycle. The solid lines represent an exponential fit through the measured data points to estimate Trgs [eqn (15)].
E, amplitude-weighted decay time constants after the end of theta-burst firing. Dotted lines represent the linear
regression lines obtained from the decay of brief bursts (Fig. 4E). F, the ratio of amplitude-weighted TBS decay
time constant divided by the average brief burst decay time constant (from Fig. 4) for TBS8 and TBS10 (eight or

10 APs at 100 Hz repeated 10 times at 5 Hz).
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dendritic Ca** concentration and the total integral of the
Ca”* signal during theta-burst firing.

Discussion

The analysis of AP-evoked dendritic Ca*™ transients in
rat CA1 pyramidal cells during the first 4 weeks of post-
natal development revealed several unexpected results.
The first surprising finding was that AP-induced dendritic
Ca’?* transients rapidly increase after P5 and achieve
an amplitude of ~145 nM per AP already 1 week after
birth (P7-P9) similar to the amplitude measured in cells
from 4-week-old rats (~160 nm per AP). Secondly, we
were able to show that these similar amplitudes are
generated by the balanced upregulation of both the total
dendritic calcium load per AP (from ~10 uM to ~40 uM)
and the endogenous Ca?* buffer capacity (from ~70 to
~280) (Table 1). Furthermore, the Ca?>* extrusion after
the APs was about five times slower in cells at 1 week
than at 4 weeks, resulting in a slower decay in young
(t = 0.17 s) than in mature (t = 0.09 s) cells and a more
effective temporal summation during brief bursts of APs.
Finally, during continuous theta-burst firing dendritic
Ca** concentration was up to three-fold larger 1 week
after birth than in 4-week-old animals. We show that
this reflects an activity-dependent slow-down of Ca**
extrusion and a resulting supralinear temporal summation
of AP-evoked Ca*" signals specifically in young pyramidal
cells.

Postnatal development of Ca?* influx and buffering

The amplitude of our AP-evoked dendritic Ca®" trans-
ients (~150 nM) and the decay time course of T = 0.1 s
in cells from animals aged 2—4 weeks are consistent
with several previously published results (Helmchen et al.
1996; Maravall et al. 2000). However, the data obtained
with younger animals (P7—P9 pyramidal cells) contrast
strongly with findings in previous publications showing
calcium transients per AP that are three to four times
smaller at 1 week compared with postnatal week 3
[Isomura & Kato, 1999 (Fig. 1)].

What are the reasons for this discrepancy? Isomura
& Kato (1999) used a concentration of 1 mm Fura-2
in addition to 0.2 mM EGTA. Assuming a resting Ca**
concentration close to zero, this will correspond to
an additional buffer capacity of kg = 4000 [eqn (6)].
According to our analysis, the endogenous buffer capacity
in young and mature pyramidal cells is 70 and 280,
respectively. Therefore, the addition of 1 mm Fura-2 plus
0.2 mm EGTA will completely overwrite the endogenous
Ca’* buffers. Consequently, the change in fluorescence
reports a relative difference in total Ca®* influx, which is
four times smaller in young than in mature pyramidal cells.
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This nicely explains the difference between our data and
previously reported data for cells in animals aged 1 week.
Actually, the relative fluorescence change obtained by Iso-
mura & Kato (1999) for P8 animals (A F30/F360 = 0.03)
can be converted into a ratio value of R = 1.03*Rpin,
assuming that resting [Ca**] is close to zero with 1.2 mm
Fura2/EGTA. Using our calibration values, this would
correspond to an amplitude of 10.3 nMm per four APs.
Using the buffer capacity we obtained for animals aged
1 week (ks = 70) and assuming «p = 4000, this translates
into an unperturbed amplitude of 150 nm per AP, which
is very similar to our new data. Therefore, the data of the
different studies converge to a matched upregulation of
total dendritic Ca** influx and buffering to obtain large
AP-induced dendritic Ca’>" transients already at 1 week
after birth and onwards (Table 1).

In fine dendrites and spines of CA1 pyramidal cells,
however, the scenario seems to differ. Buffer competition
experiments in single dendritic spines using two-photon
imaging revealed a much smaller buffer capacity of ks = 20
(Sabatini et al. 2002, P14—P20). As a consequence Ca’™
transients in spines show 10 times larger (A = 1.5 uM) and
10-fold faster AP-evoked Ca*" signals (t = 12 ms) than
transients in larger apical dendrites. Furthermore, the free
Ca’* concentration in spines can reach huge amplitudes
during synaptic transmission and follow the time course
of NMDA-induced Ca®* influx with high fidelity, which
is of major importance for activity-dependent synaptic
plasticity (Magee & Johnston, 1997; Sabatini et al. 2002;
Dan & Poo, 2006; Hao & Oertner, 2012).

Activity-dependent slow-down of Ca?* extrusion

Ca’* extrusion was four to five times slower in young
pyramidal cells at 1 week than in neurons from 4-week-old
rats. This is consistent with several previous reports about
the strong postnatal upregulation of all the major Ca**
transport systems including the plasma membrane Ca**
ATPase (PMCA), the sodium—calcium exchanger (NCX)
and the smooth endoplasmatic Ca’" ATPase (Usachev
et al. 2001; Jensen et al. 2004; Kip et al. 2006; Lee
et al. 2007; Stocca et al. 2008). However, our results
substantially extend previous findings on the expression
density of transporters by showing that this translates
into only a relatively small increase in the decay time
course of AP-evoked Ca?" transients in developing CA1l
pyramidal cell dendrites (0.17 s vs. 0.09 s), which is a
direct consequence of the reduced buffer capacity. Over-
all this leads to a slightly but significantly larger temporal
summation of Ca** transients during brief burst firing in
young neurons.

During prolonged theta-burst firing, however, the
behaviour changes dramatically. First of all, the Ca®*
influx during the individual bursts decreases in both young

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 592.22

and mature cells to about 50% of control (Fig. 9). As we
have seen a similar decrement of Ca?* influx during TBS
firing at distances of 100 xum and 25 um from the soma,
this reduction may reflect an activity-dependent inhibition
of dendritic voltage-gated calcium channels (Magee &
Johnston, 1995; Kavalali et al. 1997; Budde et al. 2002).
Secondly, Ca** extrusion slows down during TBS firing in
both young and mature cells. Interestingly, the decay after
TBS is three times slower in young neurons (7 ~ 0.6 s) than
it is in mature cells (7 = 0.2 s). As a consequence there was
a supralinear summation of the Ca*" transients during
TBS with an up to three-fold larger peak amplitude and
integral of Ca’" signals in young than in mature pyramidal
cell dendrites (Fig. 8). This is remarkable because total
Ca*" influx per AP is about four times smaller in young
cells. Therefore, the young neurons can generate three-fold
larger calcium signals during continuous TBS firing using
four times less ATP relative to mature cells.

In mature cells the slow-down of extrusion is less
pronounced (~200%). In combination with the ~50%
decrease in Ca’" influx, this apparently leads to a near
linear increase in the average calcium concentration with
increasing AP frequency, as has been reported for apical
dendrites in pyramidal cells aged at P14 (Helmchen et al.
1996). Together with our data, this indicates that supra-
linear Ca* signalling in apical dendrites of CA1 pyramidal
cells is restricted to animals younger than 2 weeks. By
contrast, Scheuss et al. (2006) found an activity-dependent
slow-down of Ca** extrusion in small dendrites and spines
of P16—P20 rats, generating supralinear Ca*" transients
during prolonged AP firing. Probably the difference with
apical dendrites at this developmental stage is related to
the larger accumulation of Ca’™ and Na* ions in fine
dendrites and spines, which was shown to be important
to the activity-dependent reduction of Ca?* extrusion in
these small structures (Scheuss et al. 2006).

Functional significance

In CA1 pyramidal cells, spine synapses start to form after
birth and density increases rapidly to reach adult-like
patterns after 3 weeks of postnatal development (Fiala
et al. 1998; Kirov et al. 2004). The formation of
new dendritic spines can be triggered by the release
of glutamate from neighbouring presynaptic boutons,
activating extrasynaptic NMDA receptors on dendritic
shafts (Engert & Bonhoeffer, 1999; Maletic-Savatic et al.
1999; Kwon & Sabatini, 2011). Furthermore, this process
is Ca’"-dependent and restricted to a certain critical
time window which lasts from birth to about the second
postnatal week (Kwon & Sabatini, 2011). The induction
threshold for glutamate-induced spine formation is very
low at the end of the first postnatal week (P8-P12),
increases at 2 weeks (P14-P15) and seems to be very high
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at 3 weeks after birth (Kwon & Sabatini, 2011). Similarly,
activation of Ca*"-permeable nicotinic ACh receptors can
facilitate spine formation at P7 but not at P15 or later
(Lozada et al. 2012). Dendritic Ca** buffering properties
would nicely support this critical window behaviour
because buffer capacity is lowest at P7 (~70), increases
towards P14 (~170) (Helmchen et al. 1996) and reaches
~280 at 4 weeks of age (Table 1).

Furthermore, synapse formation will be supported by
hippocampal theta-gamma oscillations, which start to
emerge around P7 (Lahtinen et al. 2007; Mohns et al.
2008). Activity-dependent slow-down of Ca’" extrusion
generates large Ca’" signals via supralinear temporal
summation in young dendrites during prolonged firing,
providing a large dynamic range of the intracellular
Ca*" signals to control Ca’"-dependent growth and
synapse formation. This will help to effectively shape
network connectivity in the developing brain in an
activity-dependent manner (Brockmann et al. 2011). As
a consequence of rapid network formation, hippocampal
pyramidal cells show spatially selective place field firing at
only about 2 weeks after birth (Wills et al. 2010; Langston
etal. 2010).

After postnatal development, dendritic plasticity and
synapse formation strongly decrease (Trachtenberg et al.
2002; Wilbrecht et al. 2010; Romand et al. 2011). Mature
pyramidal cells may support stable network connectivity
by reducing Ca**-dependent plasticity in larger dendrites
via the upregulation of dendritic Ca?* buffer capacity.
Only dendritic spines and fine dendritic branches may
show low Ca?* buffering in adulthood, facilitating local
Ca*"-dependent plasticity during learning in the adult
nervous system (Holtmaat & Svoboda, 2009).

We have shown the developmental regulation of
dendritic Ca** influx, buffering and extrusion providing
up to three-fold larger Ca** signals during theta-burst
firing in young neurons in comparison with events in
mature hippocampal pyramidal cells. These age-specific
and activity-dependent Ca’*" signals are very likely
instrumental in shaping Ca?*-dependent plasticity and
synapse formation during brain development.
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