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Loss of sensory input increases the intrinsic excitability
of layer 5 pyramidal neurons in rat barrel cortex

Jean-Didier Breton and Greg J. Stuart

Neuroscience Program, The John Curtin School of Medical Research, Australian National University, Canberra ACT 0200, Australia

Development of the cortical map is experience dependent, with different critical periods in
different cortical layers. Previous work in rodent barrel cortex indicates that sensory deprivation
leads to changes in synaptic transmission and plasticity in layer 2/3 and 4. Here, we studied
the impact of sensory deprivation on the intrinsic properties of layer 5 pyramidal neurons
located in rat barrel cortex using simultaneous somatic and dendritic recording. Sensory
deprivation was achieved by clipping all the whiskers on one side of the snout. Loss of
sensory input did not change somatic active and resting membrane properties, and did not
influence dendritic action potential (AP) backpropagation. In contrast, sensory deprivation
led to an increase in the percentage of layer 5 pyramidal neurons showing burst firing. This
was associated with a reduction in the threshold for generation of dendritic calcium spikes
during high-frequency AP trains. Cell-attached recordings were used to assess changes in
the properties and expression of dendritic HCN channels. These experiments indicated that
sensory deprivation caused a decrease in HCN channel density in distal regions of the apical
dendrite. To assess the contribution of HCN down-regulation on the observed increase in
dendritic excitability following sensory deprivation, we investigated the impact of blocking
HCN channels. Block of HCN channels removed differences in dendritic calcium electrogenesis
between control and deprived neurons. In conclusion, these observations indicate that sensory
loss leads to increased dendritic excitability of cortical layer 5 pyramidal neurons. Furthermore,
they suggest that increased dendritic calcium electrogenesis following sensory deprivation is
mediated in part via down-regulation of dendritic HCN channels.
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Abbreviations ADP, after depolarization; AHP, after hyperpolarization; AP, action potential; bAP, back-
propagated action potential; DIC, differential interference contrast; HCN channel, hyperpolarization-activated cyclic
nucleotide-gated channel.
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Introduction

The maturation of neuronal circuits is strongly dependent
on experience and activity (Katz & Shatz, 1996). The
rodent barrel cortex offers an excellent model system to
investigate such experience-dependent changes in cortical
development (Fox, 1992), with previous work indicating
that somatosensory maps are highly malleable both
during brain development (Van der Loos & Woolsey,
1973; Simons & Land, 1987) and in the adult animal
(Buonomano & Merzenich, 1998).

The architecture of the rodent barrel cortex is organised
into different columns, where each column or barrel
represents a cluster of neurons in layer 4. Each barrel
and corresponding supra and infragranular layers respond
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strongly to the stimulation of the related principal whisker
and only weakly to inputs from surrounding whiskers
(Armstrong-James & Fox, 1987; Armstrong-James et al.
1991; Fox, 1994; Moore & Nelson, 1998; Zhu & Connors,
1999). This cortical map of the whisker pad is represented
topographically (Woolsey & Van der Loos, 1970), and
is established early during development (Schlaggar &
O’Leary, 1994). Disruption of sensory input to barrel
cortex via whisker follicle destruction in the first post-
natal week causes structural changes in barrel formation
(Van der Loos & Woolsey, 1973; Woolsey & Wann,
1976). These changes during the first postnatal week
parallel developmental changes in synaptic plasticity at
thalamocortical synapses (Crair & Malenka, 1995; Isaac
et al. 1997; Feldman et al. 1998). In contrast, sensory
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deprivation induced by whisker trimming or plucking can
lead to changes in receptive field properties throughout
development (Fox, 1992; Diamond et al. 1993), and can
occur in a layer specific manner (Diamond et al. 1994;
Glazewski & Fox, 1996; Stern et al. 2001; Polley et al. 2004).

The plasticity mechanisms involved in the development
and refinement of cortical maps are poorly understood.
Previous work in barrel cortex indicates that sensory
experience can lead to changes in synaptic transmission
and plasticity (Glazewski & Fox, 1996; Allen et al. 2003).
Alternatively, plasticity may occur through changes in the
intrinsic properties of cortical neurons (Zhang & Linden,
2003). Input—output properties of neurons, as well as the
expression of voltage-gated channels, can be modified by
experience in vivo (Disterhoft et al. 1986; Sanchez-Andres
& Alkon, 1991; Saar et al. 1998; Aizenman et al. 2003;
Maravall et al. 2004), and also following changes in activity
in neuronal networks in vitro (Desai et al. 1999; Nelson
et al. 2003). The plasticity of intrinsic neuronal properties
in barrel cortex following changes in sensory experience
has not been studied in detail. The only previous study
to address this issue observed that the development of
spiking properties of layer 2/3 pyramidal neurons is
delayed by sensory deprivation during the critical period
(Maravall et al. 2004). To date, there are no data on the
impact of sensory deprivation on the intrinsic properties
of cortical layer 5 pyramidal neurons in somatosensory
cortex. Moreover, there is no evidence on whether changes
in sensory experience can influence dendritic properties
of cortical neurons. These two issues are the focus of the
current study.

Methods
Slice preparation

All procedures were performed according to methods
approved by the Animal FEthics Committee of the
Australian National University. Four- to six-week-old
Wistar rats (of either sex) were deeply anaesthetised by
isoflurane inhalation (3% in oxygen) and decapitated;
the brain was quickly removed and coronal brain
slices (300 um thick) containing barrel cortex were
prepared. Throughout the slice preparation, the brain
was maintained in ice-cold artificial cerebrospinal fluid
(ACSF) of the following composition (in mM): 125
NaCl, 25 NaHCOs;, 3KCl, 1.25 NaH,PO,, 25 glucose,
0.5 CaCly, 6 MgCl,, pH 7.4; oxygenated with carbogen
(95% O,-5% CO,). After cutting, slices were immersed in
ACSF containing (in mm): 125 NaCl, 25 NaHCO;3, 3 KCl,
1.25 NaH,PO,, 25 glucose, 2 CaCl,, 1 MgCl,; oxygenated
with (95% 0,-5% CO,) and maintained at 35°C for
30 min, then stored at room temperature. The same ACSF
solution was used for electrophysiological recording.
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Sensory deprivation

Sensory deprivation was carried out at two time points
relative to the barrel cortex maturation. Whisker trimming
started either at post-natal day 3 (before the critical
period, n=44) or at post-natal day 20 (after formation
of the cortical map, n=24). As no significant difference
was observed between the two groups, the data have
been combined. All whiskers on the right side of the
snout were trimmed (length <1 mm) using scissors
every day until rats were utilised for electrophysiological
experiments. Whiskers on the left side of the face were
left intact and gently brushed with the scissors. Light
anaesthesia using isoflurane inhalation (3% in oxygen)
was used to immobilise animals older than 10 days of
age during whisker trimming. Recordings were made
from layer 5 pyramidal neurons in barrel cortex from the
left hemisphere (deprived neurons), and were compared
to recordings from layer 5 pyramidal neurons in barrel
cortex from the right hemisphere, which constituted
the control condition. In some experiments recordings
were made from layer 5 pyramidal neurons in barrel
cortex from the left hemisphere of control, non-deprived
animals (n = 16). These experiments were carried out to
investigate possible left—right asymmetry in the properties
of layer 5 pyramidal neurons from barrel cortex in the
left and right hemispheres. Cell selection was based on
cell health rather than the sensory condition, leading to
different numbers of neurons in the control and deprived
groups. To minimise experimental bias analysis was
performed every 2 weeks on large blocks of data, typically
10-15 cells, with the nature of the sensory condition of
analysed neurons only established at the end of the analysis
session.

Electrophysiological procedures

Brain slices were transferred to a recording chamber
continuously perfused with oxygenated ACSF (95%
0,-5% CO;). Barrel cortex and cortical layer 5 were
visualised under low magnification using an upright
microscope (5x magnification; BX50WI, Olympus,
Tokyo, Japan). Somatic and dendritic recordings
from layer 5 pyramidal neurons were performed
at high magnification (60x) using differential inter-
ference contrast (DIC) optics combined with infrared
illumination (Stuart et al. 1993). Patch pipettes for somatic
and dendritic recording were made from borosilicate
glass (Harvard Apparatus, Edenbridge, Kent, UK) pulled
to obtain a resistance of 3-5MQ and 10-12 MQ,
respectively. For whole-cell current-clamp recordings,
glass pipettes were filled with a solution consisting of the
following (in mm): 20 KCl, 120 potassium gluconate, 10
Hepes, 4 MgATP, 0.3 Na,GTP, 10 Na,-phosphocreatine;
pH 7.3 with KOH and osmolarity set to 280 mosmol ™!
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with sucrose. For cell-attached voltage-clamp recordings,
pipettes contained (in mm): 120 KCI, 20 TEA-CI, 5 4-AP,
1 MgCl,, 1 BaCl,, 1 NiCl,, 0.5 CdCl,, 10 Hepes, 5 EGTA
and 0.001 TTX; pH 7.35 with KOH and osmolarity set to
280 mosmol 17! with sucrose. All recordings were obtained
at a temperature of 34 + 1°C.

Dual whole-cell somatic and dendritic current-clamp
recordings were obtained using two identical BVC-700A
current-clamp amplifiers (Dagan, Mineapolis, MN, USA).
Voltage was digitised with an ITC-18 computer inter-
face at 50 kHz (InstruTech, Port Washington, NY, USA).
Signals were analog filtered on-line at 10kHz and
acquired using the data acquisition software AxoGraph
4.9 (Axograph Scientific, Australia). Pipette capacitance
and bridge balance were compensated on-line with the
amplifier circuits. Cells were only included in analysis
if the somatic access resistance was less than 20 MQ2
and the dendritic access resistance less than 50 MQ. All
neurons included in analysis exhibited a stable somatic
resting membrane potential more negative than —65 mV.
All membrane potentials have been corrected for an
experimentally determined liquid junction potential of
~12 mV. In voltage-clamp mode, cell-attached recording
was performed using an Axopatch 200A amplifier
(Molecular Devices, Sunnyvale, CA, USA). Current was
analog filtered at 10 kHz and digitally sampled at 20 kHz
using AxoGraph 4.9 software. The bath level of the
recording chamber was kept to a minimum to reduce
pipette capacitance and fast capacitance transients were
compensated using the amplifier compensation circuit.
The instrumental noise was estimated to be ~500 fA
root mean square at 2 kHz bandwidth. Leak current was
subtracted on-line using a P/10 protocol of scaled and
averaged leak pulses. Dendritic patch potentials were
corrected for a liquid junction potential of —3 mV and
the holding potential was set to ~25 mV positive to the
resting membrane potential, assuming a somatic resting
membrane potential of ~—75mV (Williams & Stuart,
2000b; Gulledge & Stuart, 2003) and corrected for a
distance-dependent depolarization of the local dendritic
resting membrane potential of ~1 mV per 100 ym (Stuart
et al. 1997; Kole et al. 2006).

Data analysis

The distance of dendritic recordings from the soma
was estimated in situ using the linear distance between
the dendritic recording site and the beginning of the
apical trunk. The amplitude and width of somatic and
dendritic action potentials (APs) was measured from
threshold, defined as a dV/dt of 50 and 25Vs7!,
respectively. Action potential duration was measured at
10% of peak amplitude. The amplitude of the somatic
after-hyperpolarization (AHP) and after-depolarization
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(ADP) was defined as the difference in the resting
membrane potential and the minimum and maximum
potential after the AP, respectively. The rheobase was
defined as the minimum somatic current required to
elicit APs and AP velocity was determined from the time
difference between the peak of somatic and dendritic APs.
Input resistance was obtained from a linear fit to the hyper-
polarizing phase of the current to voltage relationship.
To investigate the critical frequency for dendritic calcium
electrogenesis, trains of APs at frequencies from 20 to
200 Hz were generated at the soma via somatic current
injection and the evoked response recorded at the dendrite
(Larkum et al. 1999a). The integral of the dendritic
voltage was plotted against AP frequency, and the critical
frequency defined as the AP frequency corresponding to
the peak of the derivative of the dendritic voltage integral
versus AP frequency plot. Cells were only included in
this analysis if the derivative of the dendritic voltage
integral versus AP frequency plot had a peak greater than
20 0V s Hz . The current amplitude of I, obtained from
cell-attached recordings (steps from —50to —150 mV) was
converted into conductance density (pS um~?) based on a
reversal potential of 0 mV (Kole et al. 2006), assuming
a patch membrane of 4.5 um? (Engel & Jonas, 2005),
and corrected for the 5.1-fold difference in I}, amplitude
due to high external K™ (Kole et al. 2006). Steady-state
activation curves were obtained from the amplitude of tail
currents following steps to different voltages (Williams &
Stuart, 2000b). Data were normalised to the maximum
tail current amplitude and fitted with a Boltzmann
function: y = 1/[1 + eV/2=V/¥]; where V, , is the voltage
of half-maximal activation, V is the imposed membrane
potential and k is the slope factor. Numerical values are
given in the text as means = s.E.M. and thelevel of statistical
significance was set to P < 0.05.

Results

In this study, whole-cell and cell-attached recordings
were performed to assess the membrane properties of
layer 5 pyramidal neurons within rat barrel cortex under
control conditions and following sensory deprivation
induced by whisker trimming. Recordings were obtained
from neurons with somata between 890 and 1470 um
(1117 £ 58 um) from the pia (n = 332).

Effects of sensory deprivation on the somatic
compartment

To examine the effects of whisker trimming on somatic
membrane properties, we first investigated the voltage
response to current injections made into the soma.
In response to supra-threshold depolarizing current
injections, layer 5 pyramidal neurons exhibited three
different firing patterns (Fig. 1A and B) (see Williams &
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Figure 1. Impact of sensory deprivation on somatic active and passive properties

A, traces represent three typical firing patterns recorded from layer 5 pyramidal neurons in barrel cortex, referred
to as ‘regular’, ‘weak bursting’ and ‘strong bursting’. B, the first 150 ms of the top traces in A. C, bar graph of the
proportion of layer 5 neurons with the different firing patterns for the indicated sensory conditions (control: n = 51;
deprived: n = 88; P > 0.05). Note the regular firing pattern remains constant for each experimental condition, with
strong bursting encountered solely after sensory deprivation. D, graph showing the input—output properties of
recorded neurons after different sensory experiences (number of APs elicited by 900 ms somatic current injections of
the indicated amplitudes). The input-output properties were unchanged after sensory deprivation (control: n = 51,
open symbols; deprived: n = 88, filled symbols; P > 0.05). £7, voltage response (top) to somatic hyperpolarizing
current steps (bottom) for the different conditions. The membrane potential hyperpolarization exhibited a peak (a)
follow by a time-dependent ‘sag’ until reaching steady-state (b). £2, graphs of the steady-state (b, left) and peak
to steady-state difference (a — b, right) versus current step amplitude for the different conditions (control: n = 51,
open symbols; deprived: n = 88, filled symbols; P > 0.05). Sensory deprivation did not change the /~V curves of
the recorded neurons. Data are shown as means = S.E.M.
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Table 1. Loss of sensory deprivation fails to change somatic AP properties

Threshold Amplitude dv/dt Half-Width AHP ADP Rheobase
(mV) (mV) (Vs (ms) (mV) (mV) (PA) n
Control —-59.7 £0.5 90.3+0.8 616 £ 17.5 0.51 £0.02 4.7 £0.5 13.7+1.0 266 + 15 51
Deprived -59.2+0.4 91.3+0.6 636 + 13.2 0.52 +0.01 4.4+0.3 13.24+0.5 270 + 13 88

Data are shown as mean =+ s.E.M.

Table 2. Impact of sensory deprivation on resting membrane
properties

Vyest Rn Distance from

(mV) (MQ) pia (um) n
Control —-76.3+0.5 228+ 1.3 1095 + 12 51
Deprived —-75.6+0.4 22.8+0.9 1087 £ 10 88

Data are shown as means =+ s.e.m.

Stuart, 1999). Regular firing was characterised by tonic
firing of single APs, whereas cells showing weak burst firing
exhibited an initial burst of APs (spike frequency >200 Hz)
followed by tonic firing. Strong bursting was characterised
by consecutives bursts of APs (2-5 APs, spike frequency
>200 Hz, Williams & Stuart, 1999). In control conditions,
only regular (28 of 51 neurons) and weak bursting (23
of 51 neurons) firing patterns were observed (55% and
45% respectively; Fig. 1C). After sensory deprivation, the
proportion of neurons showing regular firing was similar
to that observed in control conditions (59%, 52 of 88
neurons, x> test, P=0.8). In contrast, following sensory
deprivation the portion of weak bursting neurons was
reduced while the proportion of strong bursting neurons
increased (Fig. 1C). Following sensory deprivation weak
burst firing was observed in 27% of neurons (24 of 88
neurons), whereas strong burst firing was observed in
14% (12 of 88 neurons) of the neuronal population. The
input—output properties of layer 5 pyramidal neurons
were unchanged by sensory deprivation (Fig. 1D; deprived
neurons: P =0.96; Wilcoxon’s test, for 500 pA current
pulse). Similarly, the properties of single somatic APs
(threshold, amplitude, rate-of-rise, half-width, AHP, ADP
and rheobase) were not changed following sensory
deprivation (Table 1).

In addition, we assessed the voltage response to hyper-
polarizing current steps (Fig.1E). Membrane hyper-
polarization showed a peak (Fig.1El, a) followed
by a time-dependent depolarization called ‘sag’ due
to the activation of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels that underlie the
generation of the I}, current (Fig. 1EI, b). Current—voltage
relationships for the peak and steady-state response at the
soma were not significantly different following sensory
deprivation (Fig. 1E2), indicating no obvious change in
input resistance (Ry) or HCN expression as seen at the
soma (Table 2). Similarly, the resting membrane potential
(V1est) was unchanged by sensory deprivation (Table 2).
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Consequences of sensory deprivation on action
potential backpropagation

We next used dual somatic and dendritic whole-cell
recording to assess the extent and properties of back-
propagating APs (bAPs) in control neurons and after
sensory deprivation (Fig.2A). APs were evoked by
somatic current injection and recorded simultaneously
at the soma and the main apical dendrite (up to
700 um from the soma) in control neurons (n=36),
and in neurons in barrel cortex that had undergone
sensory deprivation (n=>53). The amplitude of bAPs
decreased as they propagated along the apical dendrite,
and in some cases failed to invade distal dendritic
locations (Fig.2B, see Larkum et al 2001; Stuart &
Hausser, 2001). There was no statistically significant
impact of sensory deprivation on the amplitude of
bAPs at distal dendritic locations (Fig.2B; control:
25.5+6.4mV, 527 28 um from the soma, n=7;
deprived: 36.9+6.0mV, 529 +31 um from the soma,
n=9; P=0.22, one way ANOVA). Similarly, we observed
no statistically significant impact of sensory deprivation
on the rate-of-rise (Fig.2C; control: 45.2+9.6Vs™!;
deprived: 64.9 £11.6 Vs~!; P=10.23), duration (Fig. 2D;
control: 7.0 £ 0.6 ms; deprived: 6.8 0.5 ms; P =0.81),
or propagation speed (Fig. 2E; control: 0.35 £+ 0.03 ms™';
deprived: 0.33 +0.03 ms™'; P =0.75) of bAPs in neurons
from control and deprived cortex (control: 527 4= 28 um
from the soma, n = 7;and deprived: 529 £ 31 um fromthe
soma, n=9). These data suggest that sensory deprivation
did not influence the properties and/or expression of
the dendritic voltage-activated sodium and potassium
channels which regulate AP backpropagation into the
apical dendrites of cortical layer 5 neurons (Stuart &
Sakmann, 1994).

Impact of sensory deprivation on dendritic excitability

Dendritic excitability following sensory deprivation was
assessed using trains of APs evoked by somatic current
injections at different frequencies. Previous studies in
cortical layer 5 pyramidal neurons indicate that trains
of bAPs lead to generation of dendritic calcium spikes
in a frequency-dependent manner (Larkum et al. 19994;
Williams & Stuart, 2000a). These dendritic calcium spikes
are known to be involved in the generation of burst firing in
cortical pyramidal neurons (Larkum et al. 1999b; Williams
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& Stuart, 1999, 2000a). The frequency of bAPs required
to evoke a dendritic calcium spike is called the ‘critical
frequency’ (Larkum et al. 1999a), and can be used as a
measure of dendritic excitability.

Trains of five APs were elicited by somatic current
injection at frequencies ranging from 20 Hz to 200 Hz
during dual whole-cell current-clamp recordings from the
soma and apical dendrite of layer 5 pyramidal neurons
(Fig. 3A). Neurons in control conditions had a critical
frequency of 114.1 £ 6.3 Hz (n=27 of 36), consistent
with previous findings (Larkum et al. 19994; Berger
et al. 2003; Kole et al. 2007). Sensory deprivation led
to a significant decrease in the critical frequency for
generation of dendritic calcium spikes (Fig.3B-C). On
average, the critical frequency was 94.2 3.2 Hz in layer
5 neurons from deprived barrel cortex (Fig. 3C, n =43 of
53; P=0.002, Student’s ¢ test). This decrease in critical
frequency was not due to left-right brain asymmetry,
as the critical frequency of layer 5 pyramidal neurons
in the left hemisphere under control (non-deprived)
conditions (104.0 & 8.1 Hz; n=15) was similar to that of
layer 5 neurons located in the right (control) hemisphere
(P =0.55, one-way ANOVA).

Impact of sensory deprivation on dendritic
HCN channels

What underlies the observed decrease in critical frequency
following sensory deprivation? One possibility is that
sensory deprivation leads to a decrease in dendritic

J.-D. Breton and G. J. Stuart
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calcium electrogenesis via modulation of dendritic
voltage-gated calcium channels. To investigate this
possibility we determined the voltage integral under-
lying dendritic calcium spikes evoked by supra-critical
somatic AP trains in control and deprived neurons.
This voltage integral reflects total charge influx and
therefore activation of dendritic voltage-gated calcium
channels. Inconsistent with the idea that sensory
deprivation leads to down-regulation of dendritic calcium
channels, the voltage integral underlying dendritic
calcium spikes during supra-threshold high-frequency
AP trains (180 Hz) was similar in control and deprived
neurons (control: 1.34£0.06 mV's, n=27; deprived:
1.28 +0.04 mV s, n = 43; P = 0.40, one way ANOVA).
Previous work indicates a critical role of dendritic HCN
channel expression in regulating the critical frequency
in cortical layer 5 pyramidal neurons (Berger et al
2003). HCN channels in layer 5 pyramidal neurons are
expressed at high densities at distal dendritic locations
(Williams & Stuart, 2000b; Berger et al. 2001; Lorincz
et al. 2002; Kole et al. 2006), where they lead to a
distance-dependent depolarization of the local dendritic
resting membrane potential (Stuart et al. 1997; Kole
et al. 2006). Consistent with the idea that the density of
dendritic HCN channels is modified following sensory
deprivation, the dendritic resting membrane potential of
layer 5 neurons from the deprived barrel cortex was on
average 4.5 mV more hyperpolarized than that recorded
at similar dendritic locations in control non-deprived
cortex (deprived: —73.9+0.8mV, 497 £32 um from
the soma, n=11; compared to control: —69.4 = 1.0 mV,
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Figure 2. Sensory deprivation doesn’t change action potential backpropagation

A, left, schematic of the experimental configuration. Right, example of somatic (grey) and dendritic bAPs (black)
recorded in control and deprived neurons. APs evoked by somatic current injection and bAPs recorded ~380 um
from the soma. B-E, graphs showing the dependence of backpropagating AP amplitude (B), rate-of-rise (C),
duration (D) and velocity (E) on dendritic location for the different experimental conditions (control: open symbols

and deprived: filled symbols).
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448 + 30 um from the soma, n= 10; P = 0.002, Student’s
t test).

To directly test whether sensory deprivation leads to
changes in dendritic HCN channels, we examined HCN
currents at different dendritic locations using cell-attached
recording (Fig. 4A). The density of HCN current increased
exponentially along the main apical dendrite of layer
5 pyramidal neurons in recordings from non-deprived
neurons (Fig. 4B, see Kole et al. 2006), with no obvious
right—left brain asymmetry in control animals (see online
Supplemental Material, Fig.S1; HCN current density
right hemisphere: 18.5 + 2.4 pS um 2,470 & 15 um from
the soma, n=22; HCN current density left hemisphere:
15.4 4+ 1.7 pS um=2, 515 + 16 wm from the soma, n = 26;
P=0.46, Tukey’s post hoc test). Sensory deprivation
(n=>54) led to a distance-dependent decrease in HCN
current at distal dendritic locations (Fig. 4A and B). Distal
dendritic HCN channel density was significantly decreased
in recordings from deprived neurons (HCN current
density, left hemisphere: 7.8 + 1.3 pS um™2, 487 £ 16 um
from the soma, n=14) compared to recordings from

Sensory deprivation increases excitability of pyramidal neurons
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control (right hemisphere) neurons (P = 0.04, Tukey’s post
hoc test). On average, the current—voltage relationship
for HCN channels at distal dendritic locations (control:
469 £ 23 um, n=13; deprived: 482+ 16 um, n=10)
was decreased to approximately a third of control levels
following sensory deprivation over a broad voltage range
(Fig.4C; —90 to —150 mV; P < 0.01, Tukey’s post hoc
test). In contrast, the voltage dependence of HCN
steady-state activation was unchanged following sensory
deprivation (Fig.4D). The HCN half-maximum voltage
for activation (V,/,) was on average —101.5+1.9mV,
with a slope factor (k) of 12.0 £ 1.1 mV, in recordings
from neurons under control conditions (n=13), which
was not statistically different (one way ANOVA,
P=10.08 and P =0.35, respectively) from recordings in
neurons from barrel cortex that had undergone sensory
deprivation (Vy,: —107.1+2.1mV; k: 10.1+ 1.8 mV;
n=10). HCN channel kinetics were also unchanged
by sensory deprivation. At distal dendritic locations
(400-700 um from the soma), the time course of
I, activation during voltage steps to —150mV was
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Figure 3. Sensory deprivation increases dendritic excitability

A, left, schematic of the experimental configuration. Right, dendritic response (control: 460 um and deprived:
470 um from the soma) to trains of five somatic APs at the indicated frequencies (bottom) in recordings from
control (top) and deprived (middle) cortex. B, plot of the integral of dendritic membrane potential versus the
frequency of AP trains for the experimental conditions. Note the non-linear increase in dendritic integral, indicative
of the critical frequency, is lower in deprived neurons (closed symbols) compared to control (open symbols). C,
bar graph of the average critical frequency in control (n = 27) and deprived animals (n = 43). Data shown as

means =+ s.e.M. **P < 0.01.
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Figure 4. Sensory deprivation leads to a decrease in HCN
channel expression at distal dendritic locations

A, left, schematic diagram of the experimental configuration. Right,
examples of HCN current recorded in dendritic cell-attached patches
from control (550 um from the soma) and deprived (530 um from the
soma) neurons. B, plot of dendritic HCN channel density during
voltage steps to an estimated membrane potential of —150 mV versus
distance of the recording location from the soma in recordings from
control (open symbols, n = 68) and deprived (filled symbols, n = 54)
neurons. The curves represent exponential fits to the control (dotted
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best fitted with a double-exponential function. The
activation time constants of I, were 10.8+1.0ms
(Trst) and 41.9+5.8ms (7yo,) in recordings from
control neurons (n=13), with the amplitude of the
fast component (tpy) dominating (~90%). Sensory
deprivation via whisker trimming did not significantly
influence I, activation Kkinetics (Tgg=12.7 1.7 ms,
Tgdow = 66.6 =14.9ms; n=10; P=0.33 and P=0.12,
respectively, one way ANOVA), and did not significantly
change the relative amplitude of the fast to slow time
constants. Together, these data suggest that sensory
deprivation leads to down-regulation of HCN channels at
distal dendritic locations without significantly changing
their properties.

To investigate the potential role of the reduced
expression of HCN channels (Fig. 4) on the observed
increase in dendritic excitability following sensory
deprivation (Fig. 3), we investigated the impact of
the HCN channel blocker ZD 7288 on the critical
frequency in control and deprived neurons. In these
experiments the critical frequency in control neurons
was 111.1+£10.7Hz (n=9) and 90.0 £ 6.1 Hz (n=10)
after sensory deprivation (Fig. 5C, left). Bath application
of ZD 7288 (50 uMm) caused a hyperpolarisation of the
resting membrane potential, which reached steady state
within 5-10 min, and led to a significant decrease in the
critical frequency (Fig.5A and B) in both control and
deprived animals to ~60 Hz (Fig. 5C; control: P = 0.0005,
deprived: P =0.00005, Student’s ftest). No difference
in the critical frequency was observed between control
and deprived neurons following block of HCN channels
(Fig. 5C, right; P = 0.13, Student’s  test). This observation
suggests that reduction of dendritic HCN channels may
explain the observed increase in dendritic calcium electro-
genesis following sensory deprivation.

Discussion

Using whisker trimming, we provide evidence that sensory
deprivation increases the excitability of cortical layer 5
pyramidal neurons. We show that sensory deprivation
promotes dendritic calcium electrogenesis and increases

curve, distance constant (A): 219 um) and deprived (continuous curve,
A 209 um) data sets, respectively. C, I-V curve of average peak HCN
current at distal dendritic locations (~470-480 um from the soma) in
recordings from neurons in control conditions (open symbols; n = 13)
and following sensory deprivation (filled symbols; n = 10). D, HCN tail
current normalized to maximum for control (open symbols, n = 13) and
deprived (filled symbols, n = 10) neurons indicating no obvious impact
of sensory deprivation on the voltage dependence of steady-state
activation of HCN channels. Holding and test potentials were corrected
for the measured —4.5mV shift in resting membrane potential
in deprived neurons (see Results). Data shown as means =+ S.E.M.
P <0.01.
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burst firing. Furthermore, we find that increased dendritic
excitability following sensory deprivation is associated
with down-regulation of dendritic HCN channels. This
change in excitability is confined to the distal dendrites of
layer 5 pyramidal neurons, as we did not observe an impact
of sensory deprivation on resting membrane properties at
the soma. Furthermore, sensory deprivation did not alter
somatic AP properties or AP backpropagation into the
apical dendrite.

Cellular mechanisms underlying changes
in dendritic excitability

Sensory deprivation did not change the amplitude or
duration of single backpropagating APs. These data
argue against a specific effect of sensory deprivation on
dendritic sodium or potassium channels. In addition, the
finding that the integral under dendritic calcium spikes
at supra-critical frequencies was similar in control and

Sensory deprivation increases excitability of pyramidal neurons
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deprived neurons suggests that dendritic voltage-gated
calcium channels were also not affected by sensory
deprivation. In contrast, sensory deprivation caused a
clear down-regulation of HCN channels (Fig. 4), which
are known to play an important role in regulating
dendritic membrane potential and excitability (Berger
et al. 2003). These data suggest that down-regulation
of HCN channels is likely to play a key role in the
observed increase in dendritic excitability following
sensory deprivation. Consistent with this idea, sensory
deprivation was associated with hyperpolarisation of
the dendritic membrane potential, and block of HCN
channels by ZD 7288 decreased the critical frequency
for generation of dendritic calcium spikes in control and
deprived neurons to a similar value (see Fig. 5). This
action of ZD 7288 was immediate (within 5-10 min after
bath application), and therefore is presumably via a direct
action on HCN channels rather than via a non-specific
action, as described previously by Chevaleyre & Castillo

A
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Figure 5. Decreased dendritic /,, contributes to increased dendritic excitability following sensory

deprivation

A, left, schematic diagram of the experimental configuration. Right, dendritic response to trains of five somatic
APs at the indicated frequencies (bottom) in a recording from a control neuron before (top) and after (middle) bath
application of ZD 7288 (50 um). B, plot of the dendritic voltage integral versus AP frequency for control (open
symbols) and deprived (filled symbols) neurons before (circles) and after (triangles) bath application of ZD 7288
(50 um). C, block of HCN channels by bath application of ZD 7288 (50 um) reduced the critical frequency of both
control (n =9) and deprived (n = 10) neurons to a similar extent. Data shown as means + s.e.m. **P < 0.001;

n.s., non-significant.
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(2002), which develops over the course of 30 min
to 1 h.

Sensory deprivation leads to hyperpolarization of the
dendritic resting membrane potential. This dendritic
hyperpolarization is unlikely to be involved in the observed
increase in dendritic excitability, as previous work
shows that hyperpolarization of the dendritic membrane
potential leads to an increase, rather than a decrease, in
critical frequency (Berger et al. 2003). These data indicate
that the decrease in critical frequency following sensory
deprivation is not due to dendritic hyperpolarisation per
se, but rather is due to removal of HCN channels, whose
unusual voltage-dependent properties act to dampen
dendritic excitability by limiting membrane deviations
from the resting membrane potential (Magee, 1999).

While these data are suggestive of an important role
of down-regulation of HCN channels in the increase
in dendritic excitability observed following sensory
deprivation, they do not rule out a contribution of
other mechanisms. These could include modulation
of other dendritic channels, such as leak channels,
calcium-activated K" or Cl~ channels or even ion
exchangers such as the Na®/K*-ATPase pump. Future
experiments will be required to determine whether other
dendritic properties, in addition to HCN channels, are
modified by loss of sensory input.

Modulation of dendritic HCN channel expression
by activity

In cortical layer 5 pyramidal neurons HCN channels
are non-uniformly distributed along the apical dendrite,
and are at high densities at distal dendritic locations
(Stuart & Spruston, 1998; Williams & Stuart, 2000b;
Berger et al. 2001; Lorincz et al. 2002; Kole et al.
2006). They play an important role in setting the resting
membrane potential and in regulating excitatory post-
synaptic potential summation, and can act to isolate the
distal dendritic tuft from the soma (Stuart & Spruston,
1998; Williams & Stuart, 2000b; Berger et al. 2001,
2003). Consistent with this, deletion of genes coding for
HCNI1 and HCN?2 subunits is known to change neuro-
nal excitability and neuronal network behaviour in CA1
pyramidal and thalamocortical neurons (Ludwig et al.
2003; Nolan et al. 2004; Tsay et al. 2007). Ij, current in
cortical pyramidal neurons is thought to be mediated pre-
dominately by the HCN1 and HCN2 subunits (Santoro
et al. 2000; Altomare et al. 2003). Sensory deprivation led
toadecrease in the density of I}, at distal dendritic locations
without an obvious change in activation kinetics or voltage
dependence. This suggests the down-regulation of both
HCN1 and HCN2 subunits, as occurs in entorhinal cortex
and hippocampus following status epilepticus induced
by kainate or pilocarpine (Shah et al. 2004; Jung et al.
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2007). However, in a genetic absence epilepsy model,
down-regulation of I, in cortical pyramidal neurons is
thought to primarily reflect the reduced expression of the
HCN1 subunit (Strauss et al. 2004; Kole et al. 2007).

HCN channel density can be modulated in an
activity-dependant manner. In epileptic rat models, it
has been reported that HCN channels are down-regulated
(Shah et al. 2004; Kole et al. 2007), leading to an increase
in neuronal excitability. Other studies have shown that
depending on the nature of the activity, both up- and
down-regulation of HCN channels can be observed (Fan
et al. 2005; Brager & Johnston, 2007; Campanac et al.
2008). Given that previous work indicates that long-lasting
changes in synaptic activity modulate voltage-gated
conductances in a homeostatic manner (Desai et al. 1999;
Golowasch et al. 1999; Baines et al. 2001; Aizenman et al.
2003), the observed down-regulation of HCN channels
following loss of sensory input may represent a homeo-
static change, leading to increased neuronal excitability in
the face of reduced synaptic drive. Such a change would
act to return the level of network activity in the deprived
cortical area to normal. This potential homeostatic change
in I, would be analogous to the observed up-regulation
of HCN channels that occurs following an increase in
network activity above normal levels (van Welie et al. 2004;
Fan et al. 2005).

Sensory deprivation increases the excitability
of the mature cortical network

Sensory manipulation affects many aspects of neuronal
maturation, such as integrative properties, connectivity
and dendritic morphology (see Introduction). In the only
other study to observe changes in intrinsic properties of
cortical pyramidal neurons following sensory deprivation
via whisker trimming, Maravall et al. (2004) described that
maturation of spiking behaviour in layer 2/3 pyramidal
neurons could be delayed by sensory deprivation, but only
if this was performed during the critical period (at 2 weeks
of age). This delay in maturation of spiking behaviour
in layer 2/3 pyramidal neurons occurred in the absence
of changes in somatic active and resting membrane
properties. While we also did not observe changes in
somatic membrane properties of layer 5 neurons (Fig. 1),
following sensory deprivation the percentage of layer 5
pyramidal neurons showing burst firing was increased.
This increase in burst firing was associated with an increase
in dendritic excitability and was independent of the timing
of sensory deprivation (see Methods). This indicates that
sensory deprivation can lead to changes in dendritic
excitability even in adult rats, consistent with earlier work
showing that modified sensory input leads to changes in
receptive field properties in the adult animal (Diamond
etal. 1993).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.21

Sensory deprivation has functional consequences
on somato-dendritic excitability

APs in cortical layer 5 neurons attenuate and broaden
as they backpropagate along the main apical dendrite
in vitro and in vivo (Stuart et al. 1997; Helmchen
et al. 1999). These backpropagating APs are known to
activate dendritic calcium channels, triggering dendritic
calcium electrogenesis that can feed back to the soma
providing a mechanism generating AP burst firing in
these neurons (Stuart et al. 1997; Larkum et al. 1999a;
Williams & Stuart, 1999). The decrease in dendritic I},
after sensory deprivation reduces the critical frequency
for dendritic calcium spikes during AP trains by ~20 Hz,
providing a broader frequency range for eliciting dendritic
calcium spikes during axo-somatic AP firing. Indeed,
we observed a significant increase in bursting firing in
layer 5 pyramidal neurons following sensory deprivation
(Fig. 1). Previous work by Kole et al. (2007) in an animal
model of absence epilepsy also described an increase in
somato-dendritic excitability in layer 5 pyramidal neurons
that was associated with a reduction in I, and increased
burst firing in both layer 5 and layer 2/3 pyramidal
neurons in neocortex (Strauss et al. 2004; Kole et al.
2007).

In conclusion, the loss of dendritic HCN channels and
associated increase in dendritic excitability and burst firing
that occurs following whisker trimming could represent
a homeostatic mechanism to increase activity in barrel
cortex in response to reduced sensory input. The cellular
mechanisms involved in these effects are independent of
the timing of sensory deprivation and are likely to involve
down-regulation of dendritic HCN channels.
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