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Preservation of motor neuron Ca** channel sensitivity to
insulin-like growth factor-1 in brain motor cortex from
senescentrat

Hongqu Shan*, Maria Laura Messi*, Zhenlin Zheng*, Zhong-Min Wang* and Osvaldo Delbono* i
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Despite the multiple effects on mammals during development, the effectiveness of the insulin-like
growth factor-1 (IGF-1) to sustain cell function and structure in the brain of senescent mammals is
almost completely unknown. To address this issue, we investigated whether the effects of IGF-1 on
specific targets are preserved at later stages of life. Voltage-gated Ca** channels (VGCC) are well-
characterized targets of IGF-1. VGCC regulate membrane excitability and gene transcription along
with other functions that have been found to be impaired in the brain of senescent rodents. As the
voluntary control of movement has been reported to be altered in the elderly, we investigated the
expression, function and responsiveness of high (HVA)- and low-voltage-activated (LVA) Ca**
channels to IGF-1, using the whole-cell configuration of the patch-clamp and RT-PCR in the
specific region of the rat motor cortex that controls hindlimb muscle movement. We detected the
expression of a,, o3 and & genes encoding the HVA Ca** channels P/Q, N and R, respectively, but
not &;c, &;p, &5 encoding the L-type Ca** channel in this region of the brain cortex. IGF-1 enhanced
Ca”" channel currents through P/Q- and N-type channels but not significantly through the R-type
or LVA channels. IGF-1 enhanced the amplitude but did not modify the voltage dependence of Ca**
channel currents in young (2- to 4-week-old), young adult (7-month-old) and senescent (28- to 29-
month-old) rats. These results support the concept that despite the reported decrease in circulating
(liver) and local (central nervous system) production of IGF-1 with ageing, key neuronal targets
such as the VGCC remain responsive to the growth factor throughout life.
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The insulin-like growth factor-1 (IGF-1) and its receptor
IGF-1R are expressed in the central nervous system
(Marks et al. 1991; Bondy et al. 1992) and play a central
role in dendritic growth (Niblock et al. 2000), myelination
(Florini et al. 1996; Ye et al. 2002), neuronal survival
(Chrysis et al. 2001; Niikura et al. 2001) and adult stem-cell
differentiation (Brooker et al. 2000), among other functions.
Systemic IGF-1 exerts an effect on the brain as demon-
strated by its ability to cross the blood—brain barrier and
induce neurogenesis in adult rats (Aberg et al. 2000). The
age-related decrease in pulsatile secretion of growth
hormone in humans (Ho et al. 1987) and rodents (Sonntag
et al. 1980) is paralleled by decreased levels of IGF-1 in
blood (Ho et al. 1987). This may result in impairments of
the IGF-1-dependent effects described above on the
central nervous system at later stages of life. The
requirement for a prolonged administration of growth
hormone (GH) to ameliorate the age-related decline in
cognitive function in rats (Sonntag et al. 2000) suggests
that alterations in the GH-IGF1-IGF1R axis occur in
mammalian ageing brain. Despite the multiple effects of

IGF-1 during development, its role and effectiveness to
sustain function in the ageing brain from senescent
mammals is almost completely unknown. To address this
issue, it is relevant to determine whether effects of IGF-1
on specific targets are preserved at later stages of life.

Voltage-gated Ca’ channels (VGCC) are well-characterized
targets of IGF-1. VGCC regulate membrane excitability and
gene transcription among other functions (Berridge et al.
2000). In the present study, we investigated the ability of
IGF-1 to modulate VGCC expressed in pyramidal neurons
of the layer V of the brain motor cortex involved in the
control of hindlimb movement in young (2- to 4-week-old),
adult (7-month-old) and senescent (28- to 29-month-old)
rats. These neurons encode functional muscle synergies in
primates (Holdefer & Miller, 2002) with obvious effects on
voluntary control of movement and posture by their
influence on spinal cord motor neurons located in the lateral
part of the lamina IX or interneurons that project to them.
Whether motor cortex controls either high level features of
limb movement (Georgopoulos et al. 1982) or muscle
activation directly in voluntary movement (Todorov, 2000)
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is debatable at the present time (Scott, 2000). However, the
influence of neocortex neurons on various targets depends
on the firing behaviour of pyramidal neurons (Chagnac-
Amitai et al. 1990; Connors & Gutnick, 1990) that dependsin
turn on the ionic currents that shape action potentials
(Stewart & Foehring, 2001). As there is specificity in the
interaction of VGCC with Ca** firing behaviour in
neocortical pyramidal neurons (Pineda et al. 1998), it is
obvious that changes in the population of VGCC or their
sensitivity to IGF-1 can account for alterations in limb
movement or directly on muscle activation in voluntary
movement. Functional and structural decline in the neuro-
muscular system with ageing have been recognized as causes
of impairment in physical performance and loss of
independence in the elderly (Delbono, 2003). As the
voluntary control of movement and posture have been
reported to be altered in the elderly (Leonard et al. 1997;
Krampe, 2002), we investigated the expression, function and
responsiveness of high- and low-threshold VGCC to IGF-1.
For this, we used the whole-cell configuration of the patch-
clamp and molecular techniques in the specific region of the
rat motor cortex that controls hindlimb muscle movement.

METHODS

Localization of hindlimb cortex area of the brain by
electrical stimulation mapping

Fisher344XBN rats (2-3 months old, #n = 5) were anaesthetized
using a combination of ketamine (100 mg ml™") and xylazine
(20 mg ml™). A volume of 0.1-0.15 ml of the mixture per 100 g
rat was injected 1.p. with supplemental doses of one-quarter of the
initial dose as needed. No assisted respiration was needed during
the procedure. Animals did not exhibit spontaneous movements
or evidence of pain. Animal handling and procedures followed an
approved protocol by the Animal Care and Use Committee of
Wake Forest University School of Medicine. At the end of the
experiments, rats were killed by an overdose of the anaesthetics.
Procedures to determine the brain cortex region involved in the
control of hindlimb movement followed published methods
(Neafsey eral. 1986).

Identification of pyramidal neurons fromlayer V of the rat
brain motor cortex

The identification of pyramidal neurons from layer V of the brain
motor cortex was performed in whole-cell voltage-clamp
configuration by delivering Lucifer yellow via the patch-clamp
glass pipette. We stained 15, 10 and 12 cells from 2- to 4-week-old,
7- and 28- to 29-month-old rats, respectively. Fluorescent images
were digitized usinga CCD camera EEV37 (Photometrix, Tucson,
AZ, USA) controlled by Isee software (Inovision, Durham, NC,
USA). This procedure was applied to a limited number of cells.
The remaining cortical motor neurons were identified by their
typical location in motor cortex, pyramidal shape and large size
visualized with an infrared camera and monitor (DAGE-MTI,
Michigan City, IN, USA).

Patch-clamp recording of pyramidal motor cortical neurons
Ca’*channel currents

Young (2- to 4-week-old), young adult (7-month-old) and old
(28- to 29-month-old) F344XBN rats have been used for patch-
clamp recordings. The inclusion of these age groups in the study

] Physiol 553.1

allows us to differentiate the effects of maturation and senescence
on our measurements. Rats were decapitated and the area of brain
cortex dissected rapidly and placed in ice-cold saline. Transverse
slices (300 um thick) were prepared using a vibrating slicer
(Vibratome Series 10000, TPI, St Louis, MO, USA). Slices were
incubated at 32 °C for 30 min and thereafter at room temperature
(20-21°C) until they were transferred to the recording chamber.
The volume of the recording chamber was 300 xl. This volume
was replaced approximately four times per minute. Brain slices
were treated with 0.25 mg pronase E-actinase E enzyme (protease
from Streptomyces griseus, Sigma) per millilitre of ACSF (see
below) for 30 min before recording to get rid of debris and
facilitate membrane seal. Pyramidal motor neuron Ca** channel
currents were measured using the whole-cell configuration of the
patch-clamp technique (Hamill et al. 1981) with an Axopatch
200A amplifier and pClamp 8 software (Axon Instruments, Union
City, CA, USA). A Digidata 1200 interface (Axon Instruments)
was used for A/D conversion. Patch pipettes were pulled from
borosilicate glass (Boralex) using a Flaming Brown micropipette
puller (P97; Sutter Instrument Co., Novato, CA, USA) and then
fire-polished to obtain electrode resistance ranging from 2 to
4 MQ when filled with the internal solution. The internal solution
contained (mm): 130 CsCl, 20 TEACI, 1 EGTA, 4 MgATP, 0.4 GTP
and 10 Hepes (titrated to pH 7.2 with CsOH) (Plant et al. 1998).
Membrane currents during a voltage pulse, P, were initially
corrected by analog subtraction of linear components. The
remaining linear components were digitally subtracted on-line
using hyperpolarizing control pulses of one-quarter of the test
pulse amplitude (—P/4 procedure) as described (Delbono, 1992;
Delbono et al. 1997). We verified that subpulses elicited no ionic
currents. Four control pulses were applied before the test pulse.
Potential voltage errors associated with whole-cell recording in
large cells were minimized by adequate compensation for whole-
cell capacitance transients. The voltage errors were compensated
to 70-80 %. Pipette series resistance and linear capacitance of the
cell membrane were calculated as described (McCobb et al. 1989;
Shaefer et al. 2003). Cell capacitance was calculated as the integral
of the transient current in response to a brief hyperpolarization
pulse from —80 (holding potential) to —90 mV. Ca** channel
currents were evoked by depolarizing voltage steps from the
holding potential to command potentials ranging from —70 to
50 mV.

The inward Ca** channel current (I,)-voltage relationship was fit
to the following equation:

Ic = G (V= V)1 + exp(z[ V), — V]/25.3), (1)

where G, is the maximal conductance, V is the membrane
potential, V; is the reversal potential, V,, is the half-activation
potential, zis the effective valence and 25.3 is the value for RT/F (R
is the gas constant, T'is the absolute temperature and Fis Faraday’s
constant) at 20 °C.

Solutions and chemicals

The artificial cerebrospinal fluid (ACSF) contained (mm): 124
NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO; and
10 dextrose. The pH was equilibrated to 7.3 by gassing the solution
with a mixture of 95% O, and 5% CO,. To record Ca** channel
currents, the saline solution was replaced with one containing
(mm): 105 NaCl, 20 TEACI, 2.5 KCl, 1 BaCl,, 1 MgCl,, 1.25
NaH,PO,, 26 NaHCO;, 20 glucose, 0.5 uM tetrodotoxin (TTX),
1 uM strychnine and 10 g™ bicuculline (pH 7.3 when gassed with
95% O, and 5% CO,) (Plant et al. 1998). Ca®* channel currents
were blocked using the following toxins: w-conotoxin (CTx)-
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GVIA, w-agatoxin IVA/w-conotoxin MVIIC and w-Aga-IIIA, all
purchased to Alomone Labs (Jerusalem, Israel). SNX-482 was
purchased to Peptides International (Louisville, KT, USA). Toxins
were prepared as stocks in water and kept frozen at —20°C.
Nisoldipine and nifedipine (Sigma, St Louis, MO, USA) stocks
solutions were prepared in 100 % ethanol. Toxins were applied
using different methods according to specific experiments, as
indicated below. The IGF-1R tyrosine kinase inhibitor I-OMe-
AG538 (Blum et al. 2000; Zheng et al. 2002a) was purchased to
Calbiochem (San Diego, CA, USA). The experiments were carried
out at room temperature (20-21°C).

PCR amplification of the rat brain isoforms RNA encoding
the o;-subunit of the HVA and LVA Ca** channels

The mRNA encoding the &, subunit of the HVA and LVA Ca**
channels expressed in the brain cortex area controlling hindlimb
motility was transcribed into cDNA as described (Lambolez et al.
1992; Plant et al. 1998) with some modifications. RNA was
isolated from fresh brain with TRI reagent RNA extraction
solution (MRC, OH, USA) as described (Zheng et al. 2002b).
Total RNA preparation was treated with DNase I to get rid of
genomic DNA contamination. Reverse transcription was performed
in a solution containing 5 #M hexamer random primers (Roche,
Indianapolis, IN, USA), 10 mMm dithiothreitol, 0.5 mm of four
deoxyribonucleotides triphosphate (Pharmacia, Peapack, New
Jersey, USA), 20 U of ribonuclease inhibitor (Promega, Madison,
WI, USA) and 100 U of Moloney murine leukaemia virus reverse
transcriptase (BRL, Gaithersburg, MD, USA). The cDNA encoding
HVA and LVA Ca®* channels was amplified using partially
degenerate primers that amplified fragments of the rat brain
isoforms of the HVA (ot; s~z and et;5) (Plant ef al. 1998) and LVA
(ot,c—0ty;) Ca®* channel a,-subunits. For the detection of a,, ; and
a5, cDNA was digested with the following enzymes Drdl, Bpml,
Hincll, Aflll, Accl and Clal, respectively. Ca** channels cDNA
digestion gave rise to the following fragments 406/184, 268/322,
153/476, 99/542, 178/421 and 413/240 bp corresponding to a, &
and a5 in agarose gel, according to restriction analysis (Plant ef al.
1998). The primers for LVA Ca** channel «;-subunits were: sense
5"-ATCTTCCTCAACTGTATCACC-3" and antisense 5'-
A(G/T)GTCCAGGTAGTGGCTGGT-3". The position of the
primers on the individual sequences was: sense 39063926 and
antisense 4842—4861 on &, (GeneBank access number AF290112,
rat brain), sense 3975-3995 and antisense 4890-4909 on oy
(GeneBank AF290213, rat brain) and sense 3421-3441 and
antisense 4327-4346 on o (GeneBank 290214, rat brain). The
sizes of the amplified fragments calculated from the reported
sequences were 955,935 and 926 bp for a¢, @ and &y, respectively.
A single PCR amplification was performed using FailSafe PCR
System kit (Epicentre, Madison, W1, USA). Digestion of LVA Ca**
channels DNA with Stul, Sacl or Clal generated two fragments of
794 and 162, 606 and 329, and 706 and 220 bp for a,, &y and et
genes, respectively.

Statistical analysis

Data were analysed using Student’s ¢ test or analysis of variance
(ANOVA). A value of P < 0.05 was considered significant. Data
are expressed as means * S.E.M. with the number of observations

(n).
RESULTS

Localization of the recording area
Whole-cell patch-clamp recordings were performed on
the brain motor cortex involved in controlling the
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movement of hindlimbs. This area was mapped in a
separate group of rats from those used for patch-clamp
experiments. Penetration microstimulation mapping
confirmed the location and extension of the area described
previously (Neafsey et al. 1986; Liang et al. 1991). The
hindlimb motor cortex began at bregma and extended
2-3 mm further caudally. The rostral, caudal, medial and
lateral borders of this area were found similar to those
described (Neafsey et al. 1986).

IGF-1 enhances Ca’* channel currents through HVA
Ca’* channels in 2- to 4-week-old rats

Ca’" channel currents carried by Ba** ions were recorded in
pyramidal neurons located on layer V of the brain motor
cortex area as described above. Large pyramidal-shaped
neurons were identified using an infrared camera and
monitor, as described above. To confirm the pyramidal
shape of the soma and extension and complexity of the
dendrites we filled the neurons with Lucifer yellow via the
patch pipette as described (see Methods) in a subset of the
cells studied (n = 15). Figure 1 illustrates a typical cortical
pyramidal motor neuron used for our recordings. The soma
and thick apical dendrite (arrow) are the parts of the neuron
on focus. Ca®* channel currents were evoked by
depolarizing voltage steps from the holding potential
(—80 mV) to command potentials ranging from —70 to
50 mV. Brain slices were incubated for 15 min in either IGF-
1 (20ngml™") or a combination of the IGF-1R tyrosine
kinase inhibitor AG538 (25 uM) (Blum et al. 2000) and IGF-
1, before recording started. In this case, slices were
incubated for 15 min in AG538 followed by 15 min in IGF-1
plus AG538. Figure 2 shows representative Ca** channel
currents from —30 to 30 mV recorded in control (A), IGF-1
(B) and AG538 plus IGF-1 (C). It appears that 20 ng ml™

Figure 1. Pyramidal motor neuron from layer V of the rat
brain cortex

Digitized image of a pyramidal neuron from layer V of the brain
motor cortex filled with Lucifer yellow via the glass electrode used
for whole-cell patch-clamp (upper left corner). The cortical motor
neuron has a pyramidal-shaped soma with gradually emerging,
thick apical dendrite, and basilar dendrites .
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IGF-1 significantly enhances HVA Ca’* channel currents, ~ previous publications (Blum et al. 2000, Zheng et al
an effect that is prevented by preincubating the brainslicein ~ 2002a,b). Figure 2D shows the current-voltage relationship
25 um AG538. No interactions between IGF-1 and AG538  for control (filled circles, 20 cells from 13 rats), IGF-1 (open
were detected other than those reported here and in  circles, 17 cells, 11 rats) and AG538 plus IGF-1 (triangles, 15
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Figure 2. Insulin-like growth factor-1 (IGF-1) enhances Ca** channel currents through HVA
Ca® channels in 2- to 4-week-old rats

Representative Ca’* channel currents from —30 to 30 mV with 20 mV intervals in control (A), IGF-1-treated
(B) and AG538 plus IGF-1 (C). D, Ca*" channel current—voltage relationship in control (filled circles),
20 ng ml™' IGF-1 (open circles) and AG538 plus IGF-1 (open triangles). Experimental data were fitted to eqn
(1) (see Methods). Asterisks indicate statistically significant differences compared with control (P < 0.05).
E, effect of rapid perfusion of IGF-1 (bar) on high-voltage-activated (HVA) Ca’** channel currents tested in
voltage-clamped pyramidal motor neurons pulsed to —10 mV for 250 ms every 5 s. The rate of solution
perfusion was 1.0-1.5 ml min™". F, Ca** channel currents corresponding to control (a), the lowest current
amplitude recorded in the cell (b) and IGF-1-dependent potentiation (c) are illustrated. G, RT-PCR for HVA
Ca* channel «, expression in the brain cortex region used for electrophysiological recordings. M and A-S
indicate the lanes in which the marker and undigested Ca** channel cDNAs, respectively, have been loaded.
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Table 1. Average of best-fit parameters describing the voltage dependence of Ca*
channel currents in brain pyramidal motor neurons

Parameters 2- to 4-week-old rat
AG538 +
Control IGF-1 IGF-1
G, (pS) 12+1 19+2% 13+2
V. (mV) 50+7 50+6 51+5
z 29402 3.0+0.2 2.8+0.3
V,(mV)  -36+4 ~36+3 —34+4

7-month-old rat 28-t0 29-month-old rat

Control IGF-1 Control IGF-1
33+04 7.0+09* 4.4+0.5 8.1 +0.9%
50+ 3 51+ 4 52+6 52+4
30+£0.2 3.0+04 2.7+0.2 29403

—44+5% —40+3 —35+3 -37+5

*Statistically significant (P<0.05) differences between IGF-1 treated group and the remaining

group(s). G

max

is the maximal conductance, V is the membrane potential, V, is the reversal potential,

V., is the half-activation potential, z is the effective valence. Values are expressed as means + S.E.M.

cells, 9 rats). The IGF-1 effect on channel current amplitude
was statistically significant from —30 to 10 mV (P < 0.05).
Data were fitted to eqn (1) and the best-fit parameters are
included in Table 1. It is apparent that IGF-1 increases
maximal conductance but does not modify the voltage
dependence of the Ca’* channel currents. The low-voltage-
activated (LVA) Ca?' channel currents did not exhibit
statistically significant changes in the amplitude after
exposure to IGF-1 (Fig. 2D, see also Fig. 6). LVA Ca®*
channel currents were inactivated by changing the holding
potential from —80 to —60 mV. The effect of IGF-1 on HVA
Ca’" channel currents was also tested in voltage-clamped
neurons by rapid solution change. The rate of solution
change was maintained at 1.0-1.5mlmin™' to avoid
stimulation of mechanosensitive N-type Ca*" channels
(Calabrese et al. 2002). Figure 2E illustrates a representative
experiment in which a pyramidal motor neuron was pulsed
to —10 mV for 250 ms every 5 s, in control conditions and
during IGF-1 perfusion (bar). Figure 2F shows Ca** channel
current traces corresponding to control (a), the lowest
current amplitude recorded in the cell (probably associated
with run-down) (b) and IGF-1-dependent potentiation (c)
in Fig. 2E. The initial fast peak depicted in Fig. 2F
corresponds to Na* currents resistant to 0.5 M tetrodo-
toxin. This current was completed blocked by incubation in
5 uM tetrodotoxin (data not shown). A lag of 1-2 min in the
appearance of IGF-1-evoked current potentiation is
evident. This delay may result from activation of a
phosphorylation cascade leading to HVA Ca** channels
phosphorylation (Delbono et al. 1997) (see below).

The molecular expression of the HVA Ca’" channels was
investigated by RT-PCR in the block of the brain cortex
used for electrophysiological recordings (Fig. 2G). The a,,
o3 and a;; mRNAs encoding the HVA Ca** channels P/Q,
N and R, respectively, were detected by the presence of the
following fragments: 406/184, 322/268 and 421/178,
respectively, in agarose gels after enzymatic treatment
(Plant et al. 1998). Expected fragments for a,c (476/153),
ap (542/99) and a5 (413/240) were not found in any of
the five preparations from the five rats studied. These
results suggest that IGF-1 enhances Ca’" channel currents

through P/Q- and/or N- and/or R-type, but not through
L-type Ca** channels.

To identify the Ca®* channel(s) mediating the IGF-1-
induced HVA current potentiation, we blocked the Ba**
conductance through different Ca®* channel subtypes
using specific toxins or channel antagonists in acutely
perfused brain slices. Figure 3A shows the ratio between
the peak Ca’* channel currents recorded in the presence
and absence of a channel blocker (grey bars), and the ratio
between the effect of a Ca** channel blocker plus IGF-1 and
a Ca’* channel blocker alone on the peak Ca** channel
currents (black bar). Ca®* currents were normalized to the
extrapolated control value. The dashed lines in Fig. 3B—H
represent the extrapolation of the Ca** channel currents
recorded during the first 150 s to the end of the
experiment. For the statistical analysis, the peak Ca®*
channel current before and after the application of a
channel blocker or the peak currents recorded in the
presence of the channel antagonist and in the presence of
the antagonist plus IGF-1, were compared. P < 0.05 was
considered statistically significant (asterisks). The peak
Ca®" channel current was determined by stimulating the
cell with command pulses from —70 to 70 mV, with a
10 mV interval. The effects of IGF-1 and/or Ca** channel
toxins were studied on the peak Ca®" current. To this end,
the voltage pulse that elicited the maximum current
amplitude was applied repetitively afterwards. The
exposure time to these compounds is indicated in
Fig. 3B—G (bars). Figure 3H illustrates the time course of
the run-down of a control Ca** channel current. The IGF-
IR tyrosine kinase inhibitor AG538 (50 um) prevented
IGF-1-dependent Ca** channel current potentiation
(Fig. 3A and B). Pre-exposure of the slice to the P/Q-
channel toxin w-Aga-IVA (100 nM) or to the N-type
channel toxin w-CTx-GVIA (2 um) resulted in partial
inhibition of the current (Fig. 3A, Cand D) by 20 + 2.1 and
24 + 2.7 %, respectively, whereas the combination of these
two toxins completely prevented the IGF-1-dependent
current potentiation (Fig. 3A and E). The inhibitor of the
R-type Ca** channel SNX-482 (0.5 M) did not prevent the
IGF-1-evoked potentiation of the Ca’" channel current
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(Fig. 2A and F). Similarly, the L-type Ca®* channel blockers
nisoldipine (2 #m) (Fig. 3A and G) or nifedipine (2 pm)
(data not shown) did not inhibit Ca*" channel current nor
prevent IGF-1-dependent current potentiation, consistent
with the lack of detectable expression of L-type Ca**
channel in this brain region (Fig. 2G). Figure 3H illustrates
the time course of the Ca’* channel current in the absence
of both Ca** channel toxins and IGF-1. These experiments
confirm that IGF-1 potentiation is not related to
spontaneous changes in Ca®* current amplitude. The
perfusion of the T-channel blocker Ni** (50 um) did not
prevent IGF-1-dependent current potentiation (Figs 3A
and 6). These experiments support the conclusion that
P/Q- and N-type Ca** channels mediate the IGF-1-
induced enhancement of HVA Ca’" channel currents. To
determine whether the IGF-1-dependent potentiation of
HVA Ca®* channel currents is preserved at later ages, we
investigated the effect of this growth factor on brain slices
from young adult and senescent rats.

IGF-1 enhances HVA Ca’* channel currents in young
adultrats

Ca’* channel currents recorded in young adult rats
(7 months old) had a similar voltage distribution but
lower amplitude than that recorded in pyramidal motor
neurons from 2- to 4-week-old rats (Fig. 4A-C). To
determine whether the difference in Ca** channel current
amplitude results from changes in pyramidal motor
neuron size and/or Ca** channel density with age, cell
capacitance was measured. The mean pyramidal motor
neuron capacitance was 14.1 £ 1.9and 12.2 £ 1.7 pF for 2-
to 4-week-old and 7-month-old rats, respectively (P > 0.05),
supporting the concept that there is no significant changes
in cell membrane surface with maturation (see below).
Figure 4C shows that in young adult rats, similarly to
younger animals, IGF-1 (open circles, 18 cells, 14 rats)
significantly enhanced Ca’* channel current amplitude
compared to control (filled circles, 17 cells, 15 rats) in the
—30 to 20 mV voltage range (P < 0.05) but did not modify
the voltage dependence of the current. The half-activation
potential of the current is shifted to more negative
potentials compared to the value recorded in 2- to 4-week-
old rats (Table 1). The Ca** channel profile in this brain
region demonstrated the expression of &, & 3 and otz and
the absence of ¢, a;p and a,s (Fig. 4D), similar to that
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described for 2- to 4-week-old rats. The analysis of the Ca**
channels involved in the IGF-1-induced potentiation of
the peak Ca** current (Fig. 4E) showed a similar pattern to
that described for younger rats (Fig. 3A), but the
amplitude of the IGF-1 evoked Ca** current potentiation
was more obvious than in younger animals. The
magnitude of the current potentiation was 99 and 46 %,
respectively.

IGF-1 enhances HVA Ca’* channel currents in
senescent rats

Ca* channel currents recorded in senescent
(28-29 month-old) rats (Fig. 5A and B) have a similar
voltage dependence and amplitude to those recorded in
neurons from 7-month-old rats, however, the amplitude
was significantly lower than in motor neurons from 2- to
4-week-old rats. The mean motor neuron capacitance for
28-month-old rats was 11.8 £ 1.6 pF, a value that is not
significantly different to that recorded in 2- to 4-week-old
and 7-month-old rats (P > 0.05), suggesting that there are
not significant changes in cell membrane surface with
senescent in this cell population. Preincubation in IGF-1
of the brain slice from 28-month-old rats significantly
enhanced Ca’* channel current amplitude in the —30 to
10 mV voltage range and had no effects on the voltage
dependence of the currents (Fig. 5A—C and Table 1). The
Ca’* channel expression profile is similar to that described
for 2- to 4-week-old and 7-month-old rats. The expression
of a,,, a5 and o and the absence of a,¢, a;p and o
(Fig. 5D) indicates that the pattern of HVA channels
expression does not change with senescence in this brain
region. The analysis of the Ca®* channels involved in the
acute response to IGF-1 (Fig. 5E) is similar to that
described for young adult rats (Fig. 4E) but the magnitude
of the peak Ca®* channel current potentiation is more
pronounced than that recorded in neurons from 2- to 4-
week-old rats (Fig. 3A). The IGF-1-dependent current
potentiation was 95 and 46 %, respectively, for 28- to 29-
month-old and 2- to 4-week-old rats.

IGF-1 does not enhance significantly LVA Ca**
channel currents

The expression of LVA Ca’" channels and their response to
the incubation in IGF-1 has been shown above (Figs 2D, 4C
and 5C). The effects of acute exposure to the growth factor

Figure 3. Effects of channel blockers on HVA Ca?* channel currents recorded in 2- to 4-week-

old rats

A, effects of acute perfusion of a channel blocker alone or in combination with IGF-1 on the peak Ca**
channel current. Bars represent means * S.E.M. of the ratio between the peak Ca** channel current recorded
in the presence and absence of a channel blocker (grey bars) and the ratio between the effect of the
combination of a Ca** channel blocker plus IGF-1 and a Ca** channel blocker alone on the peak Ca** channel
current (black bars). Asterisks indicate the statistical significance (P < 0.05). B—G, representative
experiments included in A. H, time course of the run-down of a control Ca** channel current. Dashed lines
represent the extrapolation of the current run-down (see text). Bars on top of each graph indicate the

exposure time to a drug and/or IGF-1.
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were studied in a separate group of experiments. Figure 6A
shows that the rat brain T-type Ca** channel family (&, ot
and a;) is expressed throughout the lifespan in the motor
cortex involved in hindlimb motility. Although these results
do not necessarily indicate that pyramidal motor neurons
express T-type channels, the three channel subtypes have
been detected by in situ hybridization in layer V of the
cerebral cortex (Talley et al. 1999). The T-type a,; isoform
predominates in the three age groups, showing cDNA
fragments in agarose gel at 706 and 220 bp after enzymatic
digestion. Considerably lower amounts of the T-type

] Physiol 553.1

channels a,c and a,;; were detected in the three age groups
in five preparations from five rats. The cDNA fragments
corresponding to o and a, are 794/162 and 606/329 bp,
respectively. Figure 6B illustrates an experiment in which a
brain slice was acutely exposed to IGF-1 for the time
indicated (bar). Pyramidal motor neurons from 2- to 4-
week-old rats were voltage-clamped at a holding potential
of —80 mV and pulsed to a command voltage of =50 mV.
Figure 6C illustrates the first (a) and last (b) currents plotted
in Fig. 6B. It appears that IGF-1 did not enhance the current
amplitude. No potentiation was recorded in any of the cells

Control (@) D
MASA B C D E S
o
E
|
Nisoldipine F——m———+
Nisoldipine + IGF-1 ' 1 *®
2+ Ni2+ *
Ni“" + IGF-1
SNX-482 4
= SNX-482 + IGF-1 *
5004 © & o-CTx-GVIA + o-Aga-IVA * |
* * 5 S 6-CTXGVIA + o-Aga-IVA + |GF-{  [Fem— [
* (@) ~ o-Aga-IVA e #
-600 - o-Aga-IVA + |GF-1 ] *
o-CTX-GVIA [Emmem=—H %

»—CTx-GVIA + IGF-1
AG538 + IGF-1
IGF-1

AG538

0.0 0.5 1.0 1.5 2.0

Current ratio

Figure 4.1GF-1 enhances HVA Ca** channel currents in young adult rats

Representative Ca** channel current records from —30 to 30 mV with 20 mV intervals in control (A) and
IGF-1-treated (B) pyramidal motor neurons. C, Ca** channel current—voltage relationship in control (filled
circles) and after treatment with 20 ng ml™" IGF-1 (open circles). Experimental data were fitted to eqn (1).
Average best-fit parameters are shown in Table 1. Asterisks indicate statistically significant difference
(P < 0.05). D, RT-PCR for HVA Ca*" channel a, expression in brain motor cortex. M and A-S indicate the
lanes in which the marker and undigested Ca** channel cDNAs, respectively, were loaded. E, effects of acute
perfusion of a channel blocker alone or in combination with IGF-1 on the peak Ca** channel current. Bars
represent means + s.E.M. of the ratio between the peak Ca** channel current recorded in the presence and
absence of a channel blocker (grey bars) and the ratio between the effect of the combination of a Ca** channel
blocker plus IGF-1 and a Ca** channel blocker alone on the peak Ca** channel current (black bar). Asterisks
indicate the statistical significance (P < 0.05).

25



5
S
S

(7%
i
A
s
=

-

~

3
~

] Physiol 553.1

tested (1 = 11 slices from four rats). Changes in the holding
potential (to =90 or —110 mV) or command pulse (at —60,
—40 mV) did modify the effect of IGF-1 on the peak Ca*
channel current. No potentiation was observed in either
slices from young adult (n = 7 slices from four rats) or from
senescent (10 slices from five rats) rats (data not shown).

DISCUSSION

To design rational interventions to prevent and/or delay
functional impairment of movement control, it is crucial
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to determine whether central nervous system neurons
remain responsive to growth factors at later stages of life.
IGF-1 is a key factor involved in maintenance of brain
structure and function throughout life based on its role in
neuronal differentiation and maturation (Arsenijevic &
Weiss 1998; Ye et al. 2002), ion channel function and cell
excitability (see above). Here, we show that HVA Ca®*
channels expressed in pyramidal motor neurons of layer V
of the brain motor cortex from 2- to 4-week-old rats are
responsive to IGF-1 and retain this capacity during
maturation and senescence.

A
Control (@) D
IGF-1(O) '
1 M 5 o e
300 pA
100 ms
M ASA B C D E S
oy
C Vm (mV) E
-80 60 Nisoldipine %I
Nisoldipine + IGF-1 *
Ni%* by
NiZ* + IGF-1 " -
SNX-482 «|
SNX-482 + IGF-1 *
o-CTX-GVIA + o-Aga-IVA *

o-CTx-GVIA + w-Aga-IVA + IGF-1

*
w-Aga-IVA *

w-Aga-IVA + IGF-1 *
—_~ (JJ—CTX'GVIA ] o ! )
g_ ©—-CTx-GVIA + IGF-1 ' b
= AG538 + IGF-1
IGF-1

AGS538

0.0 0.5 1.0 1.5 2.0 2.5
Current ratio

Figure 5. 1GF-1 enhances HVA Ca* channel currents in senescent rats

Representative Ca®* channel current records from —30 to 30 mV with 20 mV intervals in control (A) and
IGF-1-treated (B) pyramidal motor neurons from 28-month-old rats. C, IGF-1 significantly enhanced Ca**
channel current amplitude in the —30 to 20 mV voltage range and no effects on the current—voltage
relationship was observed. The average best-fit parameters are shown in Table 1. D, agarose gel showing the
expression of a,, o3 and o and absence of ¢, ap and a;s in brain motor cortex. E, effects of acute
perfusion of a channel blocker alone or in combination with IGF-1 on the peak Ca** channel currents. Bars
represent means * S.E.M. of the ratio between the peak Ca’* channel currents recorded in the presence and
absence of a channel blocker (grey bars) and the ratio between the effect of the combination of a Ca®* channel
blocker plus IGF-1 and a Ca®* channel blocker alone on the peak Ca* channel currents (black bar). Asterisks

indicate the statistical significance.
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Decline of motor controlin senescent mammals

The paucity of data involving the cortical pyramidal motor
neuron is in contrast with the substantial evidence for
alterations in the structure and function of the nerve and
muscle in the decline in strength and mobility of the
elderly (for a review see Delbono, 2003). Technical
difficulties in assessing function have probably hindered a
more comprehensive understanding of the role of the
central nervous system in the age-dependent decline in
motor function. Slowing of movements and loss of fine
motor skills in human ageing are thought to reflect
alterations in brain systems subserving motor function
(Smith ef al. 1999). It has been reported that elderly
subjects show decreased activation of task-specific canonical
areas in comparison with young subjects (Mattay et al.
2002). Elderly subjects demonstrated greater activation in
both spatial extent and magnitude in not only the
contralateral primary motor cortex, an area critical for
motor execution, but in other cortical and subcortical
regions involved in motor processing, and also in ipsilateral
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areas (Mattay ef al. 2002). A steep decline in motor
performance (Smith ef al. 1999) coincides approximately
with the reported decrease in peripheral motor function in
individuals after age 60 years (Hurley, 1995).

Ca’" channels type expression in pyramidal neurons
of the brain motor cortex

It is known that the level of expression of the Ca®* channel
subtypes in the central nervous system varies according to
the region explored (Mynlieff & Beam, 1992; Randall &
Tsien, 1995; Umemiya & Berger, 1995), but information
about the Ca** channel population in pyramidal neurons
from layer V of the brain cortex involved in hindlimb
control is not available. In the present study, we report that
pyramidal motor neurons from this area express HVA Ca**
channels. N-, P/Q- and R-type Ca** channels, encoded by
ap, ox and a,p genes, respectively, contribute to the
recorded HVA whole-cell currents. The expression of N-
and P/Q-channels in this region is consistent with previous
studies in neocortical pyramidal neurons (Pineda et al.

Figure 6. Effects of IGF-1 on LVA Ca**channel
currents

A, agarose gel showing LVA Ca** channel expression in
brain motor cortex from young (3-week-old), young
adult (7-month-old) and senescent (28-month-old)
rats. G-I, indicate the three T-type Ca** channel
isoforms. The first lane on the left shows the marker.
B, peak channel current amplitude—time relationship.
Pyramidal motor neuron from a 3-week-old rat,
voltage-clamped at a holding potential of =80 mV and
pulsed to a command voltage of =50 mV for 250 ms
every 5 s. The bar corresponds to the time the cell was
exposed to IGF-1. C, illustration of the current traces
corresponding to the first (a) and last (b) pulse in B.
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1998). The use of the tarantula venom SNX-482 allowed us
to characterize the expression of R-type Ca** channels. L-
type Ca** channels have been reported in acutely dissociated
pyramidal neurons from sensorimotor cortex (Lorenzon &
Foehring, 1995a); however, they have not been found in the
RT-PCR analysis of brain and brain stem motor nuclei
(Plant et al. 1998). These results are consistent with the lack
of pharmacological and molecular evidence for L-type Ca**
channel expression in our preparation.

Ca’* channel currents recorded in the present study
represent a fraction of the Ca’* channels expressed in the
cortical motor neurons because they are missing those
expressed in distal dendritic compartments. It is not
known whether qualitative or quantitative differences
exist in the population of Ca** channels expressed in the
soma and proximal dendrites compared to distal dendrites
of brain cortex pyramidal motor neurons. Electro-
physiological recordings in acutely dissociated brain
cortex pyramidal neurons suggest a differential expression
of voltage-gated Ca** channels (Lorenzon & Foehring,
1995a,b). The expression of T-, N-, L- and R-type Ca*"
channels in the soma and P-type channels in distal axons
of facial motor neurons has been reported (Plant et al.
1998). Immunostaining procedures in rat spinal cord
motor neurons showed expression of P/Q-type Ca®*
channels in nerve terminals located along the cell bodies
and dendrites, N-type Ca** channels along the cell surface
membrane and nerve terminals, and L-type Ca** channels
in the soma and proximal dendrites (Westenbroek et al.
1998).

We have found that the maximal conductance of HVA
channels decreased from 2- to 4-week-old to 7-month-old
rats, whereas no significant difference was detected between
young adult and senescent rats. The decline in the peak Ca**
channel conductance with maturation occurs in the absence
of significant changes in membrane capacitance, which
suggests that Ca®* channel density and/or regulation changes
across ages. The lack of changes in membrane capacitance
reported here is consistent with previous reports on
hippocampal CA1 pyramidal neurons from 2- to 3-month-
old rabbits and those older than 36 months (Power et al.
2002) and neocortical neurons from neonatal to 4- to 5-
week-old rats (Lorenzon & Foehring, 1995b). The HVA
current density and current—voltage relationship were
reported unchanged in Fisher 344 rats aged from 1 to
26.5 months in acutely dissociated basal forebrain neurons
(Murchison & Griffith, 1996). However, an increase in Ca**
current density from neonatal to adult followed by a decline
in senescent rats has been described in dorsal root ganglion
neurons (Kostyuk et al. 1993). Studies on the expression,
modulation and properties of HVA Ca** channel function
with ageing are needed to fully address differences in Ca**
channel conductance with ageing among different brain
regions.
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Ca’" channel conductances of 7, 14, 20 and 28 pS have
been reported in rat hypoglossal motor neurons using
110 mM Ba’* as a charge carrier (Umemiya & Berger,
1995). These conductance values correspond to T-, N-, P-
and L-type Ca** channels, respectively. The absence of L-
type Ca** channel expression in our preparation together
with a considerably lower Ba** concentration in the
bathing solution account for the lower maximal
conductance recorded. Although RT-PCR experiments
did not allow us to locate the specific cell population
expressing the Ca** channel subtypes mentioned above,
they confirmed electrophysiological data on the channels
that do not express in pyramidal motor neurons.

Although the population of pyramidal motor neurons
studied here is mainly involved in the control of hindlimb
motility, this is probably a heterogeneous group of cells.
The percentage contribution of each Ca®* channel
population to the whole-cell Ca** channel current varies
from neuron to neuron (Lorenzon & Foehring, 19954;
Plant ef al. 1998). Also, probably not all of the pyramidal
motor neurons recorded project to the spinal cord, other
projections are corticostriatal, corticotectal, corpus callosum,
etc. and probably the population of Ca** channels varies
from one to another pyramidal cell (Stewart & Foehring,
2000). The heterogeneity in motor neuron projections and
Ca®* channel expression can contribute to their firing
pattern (Connors & Gutnick, 1990; Chagnac-Amitai et al.
1990) and to their ultimate functional role in motility
control.

The three subtypes of T-channels (a,g, a;;; and a,;) that
contribute to neuronal excitability (Chemin et al. 2002)
have been found in the region of the brain cortex explored
in the present study. Meanwhile o, is expressed
predominantly in cerebellum, hippocampus, thalamus
and olfactory bulb (Klugbauer et al. 1999). It has been
reported that a,; and a;;; mRNAs are expressed in various
regions of the adult rat brain, while o.;; mRNA is restricted
to the striatum (McRory ef al. 2001). In contrast, a more
diffuse expression of a;;, including brain cortex, has been
described by other groups (Talley et al. 1999). As a non-
significant trend of IGF-1 to enhance Ca** channel current
amplitude in the low-voltage range (=70 to —40 mV) has
been detected, no further characterization of the
contribution of any of the three channel subtypes to the
whole-cell current was carried out. An explanation for the
differential effect of IGF-1 on HVA and LVA Ca** channels
in the pyramidal motor neurons is not obvious.

Mechanism of action of IGF-1 on voltage-activated
Ca’* channels

Most of our current knowledge on IGF-1-evoked regulation
of VGCC derives from studies in skeletal muscle cells in
which IGF-1 enhances L-type Ca** channel expression by
regulating gene transcription (Zheng et al. 20024,b). In
addition, IGF-1 modulates channel function by activating
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a protein kinase cascade that results in channel
phosphorylation (Kleppisch et al. 1992; Delbono et al.
1997). IGF-1 also enhances Ca’* channel currents through
L- and N-type Ca** channels in clonal GH4C1 pituitary
cells and cultured cerebellar neurons from postnatal day
(P)5-P7 rats (Selinfreund & Blair, 1994; Blair & Marshall,
1997). The enhancement of Ca** entry through VGCC has
been reported to fail in muscle cells from ageing rodents, a
phenomenon that can be explained by alterations in
channel phosphorylation (Delbono et al. 1997).

N-, P/Q- and R-type Ca’* channels mediate the IGF-1-
induced enhancement of HVA Ca** channel currents.
IGF-1 interaction with IGF-1R might result in HVA Ca**
channel phosphorylation by activating a signalling cascade
involving tyrosine kinase and probably other protein
kinase(s), as demonstrated for the L-type Ca** channel «,
subunit expressed in skeletal muscle fibres from the adult
mouse (Delbono et al. 1997). The prevention of Ca** current
potentiation by tyrosine kinase inhibitors, together with
the involvement of protein kinase C (PKC) in L-type Ca**
channel phosphorylation (Delbono et al. 1997), support
the concept that the activation of a phosphorylation
cascade may modulate HVA Ca** channels conductance in
cortical motor neurons.

It can be postulated that despite the decrease in circulating
levels of liver IGF-1, autocrine and paracrine effects of
IGF-1 on the brain, resulting from local production by
neurons, meninges and blood vessels, are maintained in
senescent rodents (Lund et al. 1986; Niblock et al. 1998;
Sonntag et al. 1999). However, a significant decrease in
IGF-1 and IGF-1R proteins in rat brain between 11 and
32 months of age in cortical layer V has been reported
(Sonntag et al. 1999). A role for local, in contrast to
systemic IGF-1, in the preservation of brain function finds
support in the lack of correlation between the plasma
levels of IGF-1 and Ca’* channel function. We report here
a decrease in the Ca’* channel current amplitude with
maturation but not with senescence, whereas the plasma
IGF-1 declines from adulthood to senescence. D’Acosta et
al. (1993) have reported mean plasma concentrations of
IGF-1 (in nanograms per millilitre) of 114 and 97 in 10-
and 29-month-old rats, respectively. Shimokawa et al.
(2002) reported an IGF-1 plasma concentration of
157.3 + 55 ng ml™" for 6-month-old rats. The plasma IGF-
1 concentrations reported by Velasco and collaborators
(2001) (mean values) were 82 and 47 % for 11- and 27-
month-old rats compared with 3-month-old rats,
respectively.

The magnitude of Ca®* channel current potentiation
evoked by IGF-1 is more obvious in young adults (99 %)
and senescent (95 %) than in 2- to 4-week-old rats (46 %).
We speculate that this could be an indication that basal

] Physiol 553.1

HVA Ca** channel phosphorylation is higher, and
consequently further phosphorylation is limited in very
young rodents. The reduction or suppression of IGF-1-
dependent transcriptional activity over a prolonged period
in brain might have multiple effects in addition to L-type
Ca®* channel expression. Whether IGF-1 activates a
tyrosine kinase—-PKC cascade as postulated for skeletal
muscle (Delbono et al. 1997), an Akt-PI-3 kinase
signalling, as postulated for cerebellar granule neurons
(Blair et al. 1999) or some other mechanism leading to
phosphorylation of HVA Ca** channels in brain cortex
layer V pyramidal motor neurons, is not known at the
present time.

The levels of and interaction with insulin-like growth
factor binding proteins (IGFBPs) determines the
bioavailability and activity of IGF-1. The relation between
IGF-1 and IGF-1 binding proteins is very complex on
various tissues. IGFBP2 inhibits IGF-1, both in vivo and in
vitro (Jones & Clemmons 1995; Clemmons et al. 1995).
IGFBP5 and IGFBP6 are IGF-1 inhibitors (Babajko et al.
1997; D’Acosta et al. 1998). Upregulation of IGFBP-2, -5
and/or -6 might prevent binding of IGF-1 to IGF-1R
leading to a compensatory increase in IGF-1R. However,
this mechanism can be argued based on the reported
decrease in IGF-1R in cortical layer V with age (Sonntag et
al. 1999). Local isoforms of IGF-1 seem to play a major role
in tissue trophism, function, maintenance and repair (Hill
& Goldspink, 2003). It has been shown that IGF-1 is
differentially spliced in response to local demands in
skeletal muscle (Hill & Goldspink, 2003); however, this is
not known in brain. It seems that the large molecular
weight IGF-1 mRNAs predominate in brain, and although
not tested, post-transcriptional regulation of IGF-1
synthesis may be particularly relevant in this tissue (Lund,
1994).

Changes in the neuroendocrine system have been
postulated as a mechanism of ageing together with cellular
and intercellular stochastic theories (for a review see
Holliday, 1996; Arking, 1998). IGF-1 signalling plays a role
in both life span and tissue structure and function
(Wolkow et al. 2000). IGF-1 has several targets and is
involved in a number of neuronal functions (see above).
Considerable evidence support the tenet that changes in
the neuroendocrine system may result in age-related
changes in organ function (for a review see Delbono,
2003). The age-related decline in pulsatile secretion of
growth hormone leads to significant decrease in
circulating IGF-1 with potential impact on those targets.
Therefore, the preservation of pyramidal neuron
responsiveness to IGF-1 throughout life substantiates a
role for its use in intervention of the age-related decline in
brain motor function.
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