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Abstract

In the frontal cortex of aging rats, we found an increase in sprouting of the noradrenergic (NA) axons originated from the locus coeruleus (LC).
The serotonergic (5-HT) axons originating from the dorsal raphe (DR) share the same cortical area and their age-dependent changes and
interactions with NA axons were still unclear. To compare quantitatively the extent of axonal sprouting of DR and LC neurons in the frontal cortex,
we extracellularly recorded from both DR and LC neurons in the same animals and antidromically stimulated 32 ¢ortical sites (a pair of stimulating
electrodes was moved at 100-m intervals from 500 to 2000 um in depth). In addition, to examine the effects of degeneration of 5-HT axons on NA
axons, and vice versa, we used specific neurotoxins for 5-HT (PCA)- or NA (DSP-4) axons. We also used noradrenaline uptake inhibitor
(maprotiline) to verify the effects of NA on degeneration of 5-HT axons. Results suggested that 5-HT axons sprouted between 15 and 17 months of

age and noradrenaline accelerated the age-dependent change of 5-HT axons.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

In the rat frontal cortex, two ascending monoaminergic
axons which originated from the brain stem innervate
throughout the cortical layers (Fuxe et al., 1968; Morrison
et al., 1978; Vertes, 1991). The serotonergic (5-hydroxytripta-
mine; 5-HT) axons are from the dorsal raphe (DR) nucleus, and
the noradrenergic (NA) axons from the locus coeruleus (LC).
These monoaminergic projections are involved in anxiety and
depressed behavior, and their impairment is implicated in the
mechanism of clinical depression (Mongeau et al., 1997;
Beaufour et al., 1999; Cryan et al., 2004). Recently, the extent
of 5-HT axonal sprouting has been evaluated in the prefrontal
cortex of depressed patients who had committed suicide.
Significant loss of 5-HT axons was found in deep layers of the
patients’ prefrontal cortex (Austin et al., 2002). This suggested
that the involvement of cortical 5-HT axon in depression.

* Corresponding author. Tel.: +81 569 20 0118; fax: +81 569 20 0127.
E-mail address: shiro@n-fukushi.ac_jp (T. Shirokawa).

However, it 1s still unclear whether the reduction of cortical 5-
HT innervations is the only cause of depression.

Antidepressant drugs are known to elicit their effects by
increasing synaptic concentrations of 5-HT and/or NA (Frazer,
1997). Although the effects of these drugs are mainly due to an
inhibition of uptake of released monoamines, the monoamine
uptake inhibitors also induce regenerative sprouting of
monoamine axons in the frontal cortex (Nakamura, 1990,
1991; Kitayama et al., 1994). This suggests that the therapeutic
effects of antidepressants may be due to the sprouting of
monoaminergic axons. Therefore, investigation of the possible
interaction between 5-HT and NA axon terminals may well
provide insight into the remediation of depression.

Sprouting of monoaminergic axons is a likely anti-aging
mechanism to prevent loss of innervations which are concerned
with attention, cognition and mood alterations in the terminal
fields (Glennon, 1990; Harley, 1991; Van de Kar, 1991; Ishida
et al., 2000, 2001a; Shirokawa et al., 2000a,b). Recently, we
have reported that the axon terminals of LC neurons sprout in
middle age, following the age-dependent loss of innervations in
the frontal cortex and hippocampus (Ishida et al., 2000, 2001a;

0168-0102/$ - see front matter ©; 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Shirokawa et al., 2000a,b). Since concentration of NA was
maintained in the frontal cortex in the aged rats (Ishida et al.,
2001b), the increased sprouting of LC axons may compensate
the loss of their innervation in the aged brain (Shirokawa et al.,
2003). If this age-dependent sprouting simultaneously occurs in
the axon terminals of DR-5-HT neurons during aging,
interactions are plausible among monoaminergic axons.

We studied, therefore, the age-dependent changes in 5-HT
and NA axon terminals in rat frontal cortex. In addition, to
investigate possible interaction between the two monoaminer-
gic axon terminals, we quantify the extent of axonal sprouting
in the cortical layers using in vivo electrophysiological
techniques to antidromically activate the axon terminals of
individual DR and LC neurons. Moreover, maprotiline, a
selective NA uptake inhibitor, n-(2-chloroethyl)-n-ethyl-2-
bromobenzylamine hydrochloride (DSP-4) and pL-p-chlor-
oamphetamine hydrochloride (PCA) are used to evaluate
interaction between 5-HT and NA axon terminals in middle-
aged rat. The results of the present study demonstrate an
important role for NA in activation and/or maintaining of 5-HT
axon terminals in normal aging rats.

2. Materials and methods
2.1. Animals

Male F344/N rats ranging 3-24 months old were used. They were kept with
a 12 /12 h light/dark cycle, and had free access to food and water. All animal
procedures complied with the National Institutes of Health guidelines and were
approved by the Laboratory Animal Research Facilities Committee of National
Center for Geriatrics and Gerontology.

2.2. Experimental procedures

Animals were anaesthetized with urethane (1.2 g/kg, i.p.) which was
supplemented as necessary during these experiments. Lidocaine (4% xylo-
caine) was applied locally to all incisions. Rats were fixed in a stereotaxic
apparatus. Rectal temperature was maintained at 36.5 °C by a heating pad
(Bio Research Center Co., Japan). The electrocardiogram was monitored
continuously during these experiments. Stimulating electrodes of the bipolar
type consisted of the insulated stainless steel wires (diameter 80 pm, tip
separation 40 wm). Electrical pulses of 0.5 ms duration with currents ranging
from 0.1 to 5.0 mA were given to these stimulus sites, and the cycle of
stimulation was 1.5 s. A pair of stimulating electrodes was moved up and
down between 500 and 2000 pm below the cortical surface with an interval of
100 pm. Thirty-two cortical sites (16/track) were stimulated by antidromic
activation of DR or LC cells. The stimulating current was adjusted to a value
just sufficient to elicit an antidromic response to every stimulus. For each DR/
LC neuron activated antidromically from the frontal cortex, the threshold
currents were measured by varying the stimulating current in 0.01 mA steps
(Fig. 1A). The threshold current was defined as the minimum stimulating
current sufficient to elicit an antidromic response. The antidromic latency was
also measured for individual DR/LC neurons. The electrical activities of DR
and LC neurons were extracellularly recorded with a glass pipette micro-
electrode filled with 2 M NaCl. Electrode resistance ranged from 10 to
20 MQ. Recording electrodes were introduced in the cerebellum, usually
0.2 mm from the midline and 2.4 mm posterior to lambda for DR neurons, and
1.2 mm from the midline and 3.0 mm posterior to lambda for LC neurons.
Each electrode track was angled 16° anteriorly from the vertical for LC unit
recording and 30° for DR unit recording, respectively. For each animal, we
first recorded 10-12 antidromically driven units from the DR, and then
recorded from the LC.
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Fig. 1. (A) Antidromic responses of serotonergic neurons to electrical stimula-
tion of FC. At a current of 2.05 mA, antidromic response with single antidromic
latency was evoked at a latency of 30.9 ms in a 6-month-old rat. Five con-
secutive sweeps were superimposed in the non-collision trials. (B) The effect of
intravenous administration of the 5-HT 5 receptor agonist, 8-OH-DPAT, on the
spontaneous firing of a representative serotonergic neuron. After the recording
of basic spontaneous activities for 2 min, 8-OH-DPAT was injected every
minute (1.07, 2.13, and 4.26 pg/kg i.v.). (C) Serotonin immunoreactivity in
the DR. The part of an interrupted circle is shown at higher magnification.
Arrows indicate serotonergic neurons. DR: dorsal raphe nucleus. Aq: aqueduct
(bar = 100 pm).

2.3. Confirmation of LC noradrenergic neuron

The LC noradrenergic neurons were identified according to the criteria used
by several authors (Nakamura, 1977; Aston-Jones and Bloom, 1981; Ishida
et al., 2000). Briefly, the LC neurons were identified by their characteristic wide
spike duration (=2 ms), slow and tonic spontaneous firing (0.5-6 Hz) and
activation by tail pinches followed by a long-lasting suppression of firing (data
not shown).
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2.4. Confirmation of DR serotonergic neuron

The DR serotonergic neurons were identified according to the criteria
used by several authors (Sawyer et al., 1985; Wang and Aghajanian, 1977).
Briefly, the DR neurons were identified by (i) a regular spontaneous firing
rate (0.1-3.0 spikes/s), (ii) a characteristic di- or triphasic extracellular
waveform, and (iii) the antidromic responses with a long latency to the
stimulation of neostriatal or medial forebrain bundle in some case. Finally,
some neurons were confirmed as serotonergic by examining if the sponta-
neous firing was abolished by the injection of a selective 5-HT,, auto-
receptor agonist, 8-hydroxy-2 (di-n-propylamino)tetralin (8-OH-DPAT,
Biomol, PA, 1.07, 2.13, and 4.26 p.g/kg, i.v.). After total inhibition of this
spontaneous activity, electrical pulses were applied to check the existence of
the neuron.

2.5. Drug trearments

DSP-4 (n-(2-chloroethyl)-n-ethyl-2-bromobenzylamine hydrochloride) and
PCA (pL-p-chloroamphetamine hydrochloride) (Sigma—Aldrich, MO) were
intraperitoneally injected into rats at the age of 15 months in doses of
50 mg/kg or 20 mg/kg. These solutions were dissolved in 1.0 ml isotonic saline,
and prepared just prior to use. As a control, isotonic saline was intraperitoneally
administered to rats. After 1 month of injections, the electrical activity of DR
neurons and LC neurons was recorded (Fig. 3A).

After the 2-week DSP-4 treatment at the age of 15 months, the rats received
maprotiline (Sigma-Aldrich, MO) dissolved in tap water via light-protected
bottles for I week or 2—4 weeks, and solutions were renewed on alternate days.
The concentration of maprotiline in the solution was controlled, ranging from 8
to 11 mg/kg/day, which is comparable with previously reported doses that
inhibited NA reuptake (Garcha et al., 1985).

2.6. Immunohistochemistry

Dopamine-3-hydroxylase (DBH) immunohistochemistry was performed
as follows. Rats were anesthetized with an overdose of urethane (3 g/kg, i.p.)
and perfused through the ascending aorta with saline followed by 500 mL of
chilled 0.1 M phosphate buffer (PB) containing 4% paraformaldehyde (pH
7.4). The brain of each rat was removed and postfixed overnight in 4%
paraformaldehyde in 0.1 M PB and immersed in 30% sucrose in 0.1 M PB at
4 °C. The brain was sectioned in the coronal plane at 20-pm thickness
between the level from 1.75 to 2.25 mm anterior to bregma, which included
the stimulation site in the frontal cortex, and the level from —7.04 to
—9.30 mm posterior to bregma, which included the recording site in the
dorsal raphe, by a CM1800 cryotome (Leica, Heerburg, Switzerland). Sec-
tions were pretreated with 1% H,0O, in PBS for 20 min at room temperature
(RT), and 0.1% NaBH, in PBS for 5 min. After pretreatment, sections were
incubated with MAB308 monoclonal anti-DBH antibody (Chemicon Inter-
national, Inc., CA) diluted 1:4000 in PBS containing 0.3% Triton X-100
(PBST) and 1% normal horse serum for 2 days at 4 °C. After incubation with
the primary antibody, sections were incubated with biotinylated anti-mouse
IgG made in horse (dilution 1:400 in PBST, Vector Labs) for 2 h at RT, and
then incubated with ABC elite reagent (dilution 1:200 in PBST, Vector Labs)
for 2 h at RT. Visualization was performed with 0.02% 3,3’-diaminobenzi-
dime and 0.01% H,0» in 0.05 M Tris—HCI buffer (pH 7.4). Sections were
mounted on gelatin-coated glass slides, dehydrated and coverslipped out of
xylene. Staining for 5-HT was conducted successively using a similar
procedures for DBH. Briefly, non-specific binding was blocked with the
1% normal goat serum (Chemicon International, Inc., CA) in PBST for 3 days
at RT. Endogenous peroxidase activity was blocked as described above, then
the sections were incubated with polyclonal antibody against 5-HT
(1:100,000) (Diasorin, MN) in PBST containing at 37 °C for 3 days. This
was followed by incubations with biotinylated anti-rabbit IgG(H + L) (1:400)
(Vector Labs, CA) in PBST at RT for 2 h, and then with ABC reagent (1:200,
ABC Elite, Vector Labs, CA) at RT for 2 h. Visualization was performed with
0.02% 3,3'-diaminobenzidime and 0.01% H,0, in 0.05 M Tris—HCl buffer
(pH 7.4). Sections were mounted on gelatin-coated glass slides, dehydrated
and coverslipped out of xylene.

2.7. Sites/cell and P-index

We employed two electrophysiological measurements to quantify the extent
of axonal sprouting of DR/LC neurons: (i) the site activated antidromically for
each DR/LC neuron through the cortical layers in the frontal cortex (sites/cell:
number of sites activated antidromically for individual DR/LC neurons); and (ii)
the percentage of DR/LC neurons activated antidromically from the frontal cortex
for each animal (P-index: number of DR/LC neurons with antidromic response/
number of recorded DR/LC neurons) (Nakamura et al., 1989; Ishida et al., 2000).

2.8. Data analysis

Results are expressed as mean £ S.E.M. Statistical analysis of differences
between groups was performed using post hoc Games-Howell. Significance
levels were set at p < 0.05.

3. Results

3.1. Effects of 8-OH-DPAT on spontaneous activity of DR
serotonergic neuron

Seven antidromically activated neurons, presumed to be
serotonergic DR neurons on the basis of their waveform and
spontaneous activity, were checked for a dose-dependent
inhibition of the spontaneous firing by intravenous injection of
8-OH-DPAT. Fig. 1B shows a representative putative seroto-
nergic neuron. Every presumed serotonergic neuron was
inhibited by 8-OH-DPAT dose-dependently. After each injec-
tion of 8-OH-DPAT, the existence of neurons was checked by
applying electrical pulses (data not shown). Fig. 1C shows the
recording site of DR serotonergic neurons.

3.2. Effects of aging on cortical axon terminals of DR and
LC neurons

Fig. 2A shows the age-dependent changes in cortical
projections of DR neurons, which were antidromically activated
through the cortical layers at least at one site. To quantify the
changes in the extent of axonal sprouting for individual DR
neurons, we examined the number of sites activated antidromi-
cally (maximum value: 32 sites/cell). No significant change was
observed between 3 months (11.3 &£ 0.8 sites/cell) and 15
months of age (12.1 + 0.9 sites/cell), but the number of activated
sites significantly increased at 17 months of age (Fig. 2A;
16.1 & 1.1 sites/cell, p < 0.05). This increase returned to the
initial level at 24 months of age (12.1 & 1.0 sites/cell).

Fig. 2B shows the age-dependent changes in cortical
projections of LC neurons, which were antidromically activated
through the cortical layers. The extent of LC axonal sprouting did
not show any significant change between 3 and 11 months of age
(13.7+ 0.8 and 15.5 &+ 1.0 sites/cell, respectively, p > 0.05).
The number of activated sites decreased at 15 months of age
(12.2 & 1.1 sites/cell), and then the sites returned to the initial
level at 17 months of age (14.7 & 1.3 sites/cell). The increased
sites/cell gradually decreased thereafter and reached the lowest
level at 24 months of age (9.7 & 0.8 sites/cell).

We employed another electrophysiological measurement,
the P-index (Nakamura et al., 1989; Ishida et al., 2000), to
quantify the amount of cortical projections from each nucleus,
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Fig. 2. The effect of aging on the projections from DR (A) and LC (B) to frontal cortex. (A) The extent of 5-HT axonal sprouting represented by the number of
stimulation sites evoking antidromic responses in DR neurons was plotted against age in months. The extent of 5-HT axonal sprouting in the frontal cortex critically
increased between 15 and 17 months of age, and gradually declined thereafter. The total number of DR neurons recorded for each age group is as follows: 3 months of
age, n = 50; 6 months, n = 51; 11 months, n = 51; 15 months, 7 = 57; 17 months, n = 38; 21 months, n = 40; 24 months, n = 43. (B) The extent of NA axonal sprouting
in the frontal cortex declined between 11 and 15 monihs of age. The exient of axonal sprouting increased again between 15 and 17 months of age, and gradually
declined thereafter. Vertical axis shows the antidromically activated numbers of sites of each neuron (maximum value: 32 sites/cell) from the electrical stimulation of
frontal cortex. The total number of LC neurons recorded for each group is as follows: 3 months, n = 60; 6 months, n = 51; 11 months, n = 51; 15 months, n = 40; 17
months, n = 34; 21 months, 7 = 34; 24 months, n = 49. (C) Age-dependent changes in P-indices (number of DR neurons with antidromic latencies/number of recorded
DR neurons) in the frontal cortex. The P-indices in DR neurons increased between 3 and 6 months of age, and gradually declined thereafter. n = 5-6 rats per group of
age. (D) Age-dependent changes in P-indices (number of LC neurons with antidromic latencies/number of recorded LC neurons) in the frontal cortex. The P-indices
in LC neurons decreased between 11 and 15 months of age, and did not change thereafter. n = 4-6 rats per group of age. (E) Age-dependent changes in threshold of
axon terminals of DR neurons in frontal cortex. The threshold currents of DR neurons in frontal cortex showed the lowest value at 17 months of age (3 months, # = 80;
6 months, 7= 90; 11 months, 7 = 84; 15 months, 2 = 98; 17 months, n = 80; 21 months, 1 = 68; 24 months, n = 79). (F) Age-dependent changes in threshold of axon
terminals of LC neurons in the frontal cortex. The threshold currents of LC neurons in frontal cortex showed the lowest value at 15 months of age, and increased
thereafter (3 months, 7 = 118; 6 months, n = 106; 11 months, 17 =110; 15 months, n =75; 17 months, n =72; 21 months, n = 67; 24 months, n = 78). Data are
means £ S.EM. “p < 0.05, *p < 0.01; post hoc Games-Howell.

LC and DR, for individual animals. As shown in Fig. 2C, the
mean P-indices for DR projections peaked at 6 months of age
(50.5 4+ 7.7%), and then gradually decreased until 24 months of
age (27.0 + 8.0%). In contrast, the mean P-indices for L.C
projections indicated different aging pattern as shown in
Fig. 2D. The P-indices were maintained until 11 months of age
(69.4 £ 4.7%). They rapidly decreased at 15 months of age
(44.0 & 6.5%), and then did not return to the initial level there
after. Thus, we obtained two different types of age-dependent
changes for DR and LC projections as follows: (i) the axon
terminal arborization of individual DR neurons, evaluated by
sites/cell, showed a marked increase at middle age (Fig. 2A),
while the amount of DR projections for each animal, assessed
by the P-index, indicated a gradual decrease from adult to aged
(Fig. 2C); and (ii) the axon terminal arborization of individual
LC neurons showed a decrease/increase/decrease cycle from

middle-age to aged (Fig. 2B), while the amount of LC
projections indicated a critical decrease at middle age (Fig. 2D).
Focusing on the changes in DR/L.C projections in middle age,
we observed the following sequence of changes: (i) a decrease
in LC projections at 15 months of age, (ii) an increase in LC
projections at 17 months of age, and (iii) an increase in DR
projections at 17 months of age.

To investigate age-dependent changes in excitability of axon
terminals of individual DR neurons, we focused on the mean
threshold currents for antidromic activation of DR neurons
during aging, as shown in Fig. 2E. The threshold current for
antidromic activation of axon depends on the distance between
stimulating electrodes and activated axons as well as axon
excitability (Nakamura et al., 1981; Ishida et al., 2000). If
axonal sprouting increases at the stimulus site, the distance
between the stimulating electrodes and activated axoms is
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