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ABSTRACT In the present study, [3H]nisoxetine binding to norepinephrine (NE)
uptake sites and [3H]norepinephrine uptake were investigated within olfactory bulb
(OB) and frontal cortex homogenates from intact and castrated male rats. Statistically
significant reductions in the number of [3H]nisoxetine binding sites (Bmax) were found in
OB from the castrates, while significantly increased Bmax values were obtained in the
frontal cortex. Castration also significantly altered the affinity (Kd) of [3H]nisoxetine
binding in the frontal cortex, but not in the OB. Assessment of [3H]norepinephrine
uptake showed that in neither brain regions were there any statistically significant
differences in Km nor Vmax between the castrated and intact male rats, indicating that the
basal uptake process is not changed following castration in either of these brain areas.
These results demonstrate the differential effects of castration upon [3H]nisoxetine
binding sites between the OB and frontal cortex. Such findings provide new evidence for
one of the mechanisms by which androgens may modulate central noradrenergic activity.
Synapse 31:250–255, 1999. r 1999 Wiley-Liss, Inc.

INTRODUCTION

It has been reported that the rat olfactory bulb (OB)
receives an extensive noradrenergic input from the
locus coeruleus (Shipley et al., 1985; McLean et al.,
1989). This OB norepinephrine (NE) is thought to be
involved with recognition of odors (Pissonier et al.,
1985; Brennan et al., 1990; Kaba and Nakanishi, 1995),
integrating social and chemical-cue stimuli mediating
reproductive function (Dluzen et al., 1981; Dluzen and
Ramirez, 1983, 1987, 1989) as well as processes associ-
ated with odor learning and memory (Gray et al., 1986;
Sullivan et al., 1989, 1991; Guan et al., 1993a,b).
Interestingly, this OB noradrenergic system is modu-
lated by gonadal steroids. For example, it has been
shown that castration of male rats decreases the con-
tent of olfactory bulb NE (Cornwell-Jones and Marasco,
1980) as well as its in vitro release stimulated by
potassium (Guan and Dluzen, 1991). The mechanism of
such changes following castration is not yet clear;
however, several lines of evidence lead our attention to
the possibility that they may involve modulation of NE
uptake sites. It has been demonstrated that estradiol or
progesterone alters the [3H]norepinephrine uptake in

the hypothalamus (Janowsky and Davis, 1970; End-
ersby and Wilson, 1973; Nixon et al., 1974; Cardinali
and Gomez, 1977). Moreover, in rat cortex as well as
hypothalamus, estrogens competitively inhibit the NE
uptake into synaptosomes (Ghraf et al., 1983). Since it
has been estimated that transporters recapture about
75% of the released transmitters back to presynaptic
neurons (Iversen, 1975), changes in transporter func-
tioning can directly affect intracellular and extracellu-
lar amounts of NE. As a result, it has been suggested
that transporter function represents a significant com-
ponent of monoaminergic activities (Jaber et al., 1997;
Fumagalli et al., 1998). Recent work performed in our
laboratory has shown that castration significantly in-
creases NE output from superfused OB in response to
the specific noradrenergic uptake blocker tomoxetine
(Shang and Dluzen, 1998a), thus providing more direct
evidence for a relationship between gonadal steroid
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hormones and OB–NE uptake activity. In order to
further understand how castration may alter NE up-
take activity in the OB, we utilized [3H]nisoxetine, a
radioligand specific for NE uptake sites in the central
nervous system (Tejani-Butt et al., 1990), to compare
differences of its binding in OB between castrated and
intact male rats. In addition, to evaluate whether
uptake processes were changed following castration,
[3H]NE uptake (Km and Vmax) was determined in the
OB. The frontal cortex, which also receives noradrener-
gic projections from locus coeruleus, was used for
[3H]nisoxetine binding and [3H]NE uptake determina-
tions in order to examine whether the castration effects
on OB–NE are regionally specific. In this report, our
efforts were focused on the influence of castration
without testosterone replacement in order to first estab-
lish whether any effects on the parameters measured
were present as a function of this manipulation.

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (250–300 g) were
used in the experiments. Animals were caged individu-
ally in a temperature (22°C) and light-controlled (12h:
12h light-dark cycle with lights on at 0600 h) colony
room. Food and water were freely available. The castra-
tions were performed 14 days prior to the experiment
using a midline scrotal approach while the animals
were under ketamine HCl (Ketaset, Fort Dodge Labora-
tories, Inc., Fort Dodge, Iowa): acepromazine solution
(10:1) anesthesia with a dose of 10 mg/100 g body
weight. All procedures used in this experiment adhere
to the NIH guidelines for the use and care of laboratory
animals and were approved by the animal care commit-
tee at NEOUCOM.

[3H]Nisoxetine binding assay

On the day of the experiment, intact and castrated
male rats were sacrificed, olfactory bulbs and frontal
cortex were swiftly removed and stored on dry ice until
assay. [3H]Nisoxetine binding assays were performed
as described by Tejani-Butt et al. (1990) with slight
modifications. Specifically, the olfactory bulbs or frontal
cortex were homogenized in 30 volumes (w/v) of Tris
buffer (50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, pH
7.4, 0–4°C) using a Brinkman Polytron (setting 8, 20
sec) and centrifuged at 40,000g for 10 min at 4°C. This
washing procedure was repeated twice with the final
pellet resuspended in 30 volumes of the same ice-cold
buffer. The supernatant was discarded and the pellet
was resuspended to give 60 mg/ml wet weight final
volume. The NE uptake sites were analyzed by satura-
tion isotherms using eight different concentrations of
[3H]nisoxetine (New England Nuclear Products, Bos-
ton, MA, 85.9 Ci/mmole, 0.8–100 nM). The reaction
mixture consisted of 100 µl homogenate, 50 µl [3H]nisox-

etine, and 350 µl of cold buffer. Nonspecific binding was
defined by the addition of 1 µM tomoxetine (Eli Lilly
and Co., Indianapolis, IN). The incubation (4°C) was
terminated after 4 h by rapid filtration through What-
man GF/B glass filter fibers soaked in 0.05% polyethyl-
enimine, followed by three rapid rinses with ice-cold
buffer using a Brandel R48 filtering manifold (Brandel
Inc., Gaithersburg, MD). Bound radioactivity was deter-
mined by liquid scintillation spectrometry (Beckman
LS 6500, Beckman Instruments, Inc., Fullerton, CA).

[3H]Norepinephrine uptake assay

Assays were performed as described by Boja et al.
(1992) with slight modifications. Briefly, the olfactory
bulbs and frontal cortex from intact and castrated male
rats were rapidly removed and homogenized in ice-cold
0.32 M sucrose using a glass-teflon homogenizer. The
homogenate was centrifuged at 800g for 10 min at 4°C.
The supernatant was transferred to another centrifuge
tube and centrifuged at 20,000g for another 10 min at
4°C. The pellet was resuspended in 0.32 M sucrose to
give 100 mg/ml wet weight final volume. Uptake assays
were conducted in 600 µl modified Kreb’s phosphate
buffer (126 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2, 1.4
mM MgSO4, 16.0 mM sodium phosphate, pH 7.4)
containing 2 mg/ml dextrose and 0.2 mg/ml ascorbic
acid, 100 µl of one of the eight different concentrations
of [3H]NE (New England Nuclear, 13.4 Ci/mmole, 2.5–
160 nM), 100 µl 1 µM pargyline, and 1.0 mg of crude
tissue synaptosomes. The total volume of the final
reaction mixture was 1 ml. Nonspecific uptake was
defined by using 1 µM nisoxetine (Eli Lilly). The assay
was initiated by the addition of tissue and incubated for
4 min at 30°C. The reaction was terminated by the
addition of 5 ml of ice-cold 0.32 M sucrose, followed by
immediate filtration using GF/B filters soaked in 0.05%
polyethylenimine. The filters were washed twice with 5
ml of 0.32 M sucrose and radioactivity counted using a
Beckman LS 6500 liquid scintillation counter. Protein
content assay was conducted by the method of Bradford
(1976).

Data analyses

The dissociation constant (Kd) and density of binding
sites (Bmax) were estimated by the ligand nonlinear
curve data analysis program (NIH), while Km and Vmax

were estimated by linear regression. Student’s t-tests
were used for the statistical analysis of Kd, Bmax, Km,
and Vmax between the intact and castrated animals. A
P , 0.05 was required for results to be considered
statistically significant for all analyses performed.

RESULTS

The binding densities (Bmax) of [3H]nisoxetine in the
OB and frontal cortex are plotted in Figure 1A. After
castration, the Bmax within the OB was significantly
decreased compared to the intact male rats (t9 5 2.41,
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P 5 0.039). In contrast, the Bmax within the frontal
cortex was significantly increased within castrated
male rats (t14 5 2.17, P 5 0.047).

The Kd of [3H]nisoxetine binding to NE uptake sites
in OB and frontal cortex are shown in Figure 1B. A
statistically significant difference was found in frontal
cortex between intact and castrated rats, with the
affinity of castrates being higher than that of intacts
(t14 5 2.25, P 5 0.041). The decreased affinity of
[3H]nisoxetine binding within the frontal cortex sug-
gests that the NE uptake sites in the castrated male
rats are less sensitive to the uptake blocker. No statisti-
cally significant difference was observed in OB
(t9 5 1.52, P 5 0.163).

The kinetic constants Vmax and Km for synaptosomal
uptake of [3H]NE in the OB and frontal cortex from
intact and castrated male rats are presented in Table I.
No statistically significant differences in either of the
kinetic constants were found between the intact and
castrated males within either the OB or frontal cortex.

DISCUSSION

Previously, we reported that castration results in
increased NE output evoked by tomoxetine within the
superfused OB from male rats (Shang and Dluzen,
1998a). We hypothesized that this is due to an alter-
ation in NE uptake sites. A decreased Bmax observed in
the current study indicates a reduction in either
[3H]nisoxetine binding sites or NE transporters at the
nerve terminal. However, it is more likely that castra-
tion results in a reduction in the number of NE trans-
porters in the OB because the NE concentration in the
synaptic cleft is increased in castrated rats when
exposed to an equal concentration of the uptake blocker
tomoxetine as compared with intact male rats. The
bioaminergic uptake process is believed to be directly
related to the density of the innervation as well as the
NE concentration in the tissue (Cooper et al., 1996). For
example, the number of [3H]desipramine binding sites
and [3H]NE uptake were both decreased following NE
depletion as achieved with reserpine treatment, while
it increased with treatment of the monoamine inhibitor
iproniazid (Lee et al., 1983). More recently, it was also
shown that following treatment with the NE-specific
neurotoxin DSP-4, at doses which should not impair the
uptake sites, the number of [3H]nisoxetine binding sites
was similarly decreased (Cheetham et al., 1996). Al-
though we did not perform a direct correlation between
extracellular NE concentration and [3H]nisoxetine bind-
ing following castration in the present experiment, the
reduced [3H]nisoxetine binding following castration is
related to the previous findings of reduced potassium-
stimulated OB–NE release (Guan and Dluzen, 1991),
reduced OB–NE content (Cornwell-Jones and Marasco,
1980), and altered OB–NE turnover (Shang and Dluzen,
1998b) observed in castrated male rats. Accordingly, the
altered levels of NE content, release, and turnover
observed in castrated males may be partly attributed to
the lower uptake activity as indicated in the present
data.

Fig. 1. [3H]Nisoxetine binding to the NE uptake sites of olfactory
bulb and frontal cortex homogenates between intact and castrated
male rats. (A) Bmax (mean 6 SEM) of [3H]nisoxetine binding in intact
and castrated male rats. A significant reduction of Bmax (*P , 0.05)
was observed in the olfactory bulb from the castrated compared with
the intact rats. In contrast, a significant increase of Bmax (*P , 0.05)
was observed in frontal cortex from castrated male compared with the
intact male rats. (B) Kd (mean 6 SEM) of [3H]nisoxetine binding. A
significant increase of Kd (*P , 0.05) was obtained in frontal cortex
region from the castrates compared with the intact rats. No significant
changes in Kd was observed in the olfactory bulb following castration.

TABLE I. Kinetic constants for synaptosomal uptake of
[3H]norepinephrine within olfactory bulbs and frontal cortex

from intact (INT) and castrated (CX) male rats

n Km (nM)
Vmax (pmol/mg
protein/min)

Olfactory bulbs
INT 5 86.36 6 12.74 1.37 6 0.14
CX 8 95.66 6 10.75 1.70 6 0.21

Frontal cortex
INT 10 111.25 6 18.24 1.63 6 0.26
CX 12 97.72 6 10.48 1.54 6 0.17
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Surprisingly, the effect of castration on the binding
sites for [3H]nisoxetine within the frontal cortex was
the opposite from that of the OB. Instead of a decreased
Bmax as observed within the OB, an elevated Bmax of
[3H]nisoxetine binding following castration was found
within the frontal cortex, suggesting an increase in
uptake sites. It has been reported that the total mRNA
level coding for NE transporter in locus coeruleus from
male rabbits was enhanced about 40% following castra-
tion (Yang et al., 1997). This may contribute to the
elevated NE uptake sites bound to [3H]nisoxetine in the
frontal cortex, because changes of this particular mRNA
may reflect a homoeostatic response to the alterations
of endogenous NE level in the brain (Xiao et al., 1995;
Cubells et al., 1995). However, enhanced NE trans-
porter mRNA levels in locus coeruleus are not always
related with elevated levels of NE transporter in the
presynaptic terminals. This follows since increased
levels of NE transporter mRNA in locus coeruleus can
also be a compensatory response to a downregulation or
loss of NE transporter. One example is the observation
of an upregulating effect of long-term desipramine
treatment on NE transporter mRNA expression in
locus coeruleus (Szot et al., 1993; Shores et al., 1994)
versus a downregulation of NE transporter by desipra-
mine as determined using both brain tissues (Baurer
and Tejani-Butt, 1992) and in vitro cell lines (Zhu and
Ordway, 1997; Zhu et al., 1998). Opposite variations in
transporter and their mRNA expression are also found
in the dopaminergic system, where a reduction of
dopamine transporter densities in the striatum result-
ing from ovariectomy was accompanied by an enhanced
expression of dopamine transporter mRNA in the sub-
stantia nigra (Bosse et al., 1997). In this way, although
the NE transporter mRNA level in the locus coeruleus
is raised (Yang et al., 1997), it may result from either a
homoeostatic (increase in mRNA and increase in trans-
porter levels—frontal cortex) or compensatory response
(increase in mRNA and decrease in transporter levels—
OB) to castration. Bidirectional modulation of NE
uptake sites in the OB and frontal cortex following
castration with an enhanced mRNA expression in the
locus coeruleus implies a different regulatory effect of
androgens upon the synthesis and/or turnover of NE
transporter protein in these two different regions. A
similar bidirectional change on the NE transporter was
found following thyroidectomy, where an increased
number of [3H]nisoxetine binding sites were obtained in
the hippocampus, but a decrease in the hypothalamus
(Tejani-Butt and Yang, 1994).

While our results demonstrate significant changes of
[3H]nisoxetine binding to NE uptake sites, no signifi-
cant changes after castration were detected in [3H]NE
uptake within either the OB or frontal cortex. This
indicates that castration alters the [3H]nisoxetine bind-
ing sites, but not the basal activity of NE uptake within
the two brain regions. In support of our findings are

data which show that steroid hormone manipulations
involving administration of testosterone (as well as
5a-dihydrotestosterone, progesterone, and cortisone)
failed to inhibit [3H]NE uptake within the cerebral
cortex and hypothalaumus of castrated rats (Ghraf et
al., 1983). It seems that determination of uptake sites
bound to the uptake blocker are more sensitive to the
degree of change following castration than that of basal
uptake activity determinations. This follows from data
which show that a 40% reduction of cerebral cortex NE
levels resulting from reserpine treatment produces
only a 25% reduction in [3H]NE uptake (Vmax), while a
59% reduction of [3H]desipramine binding sites was
found in this area (Lee et al., 1983). Research using
different approaches support the view that castration
does not appear to alter the basal activity of noradrener-
gic functions with regard to dynamic determinations of
OB–NE activity. We have consistently observed virtu-
ally identical basal OB–NE release rates between in-
tact and castrated male rats (Guan and Dluzen, 1991;
Shang and Dluzen, 1998a). It is only under situations
that substantially challenge the responsiveness of the
locus coeruleus noradrenergic system when clear
changes are displayed (Jacobs, 1990). For OB–NE
release, it was only revealed under potassium stimula-
tion (Guan and Dluzen, 1991) or tomoxetine modula-
tion (Shang and Dluzen, 1998a) that significant changes
in OB–NE function between intact and castrated rats
were exhibited.

Our data represent the first report of [3H]nisoxetine
binding and [3H]NE uptake in rat OB homogenates and
its modulation by the removal of testosterone. NE
uptake sites in rat frontal cortex were also used to
assess regional specificity. Different effects of castration
on NE uptake sites between the two different regions
were observed, indicating a regional difference in regu-
lating NE uptake activities by testosterone removal. As
NE in the OB and frontal cortex serve distinct func-
tions, the differential regulations in these two areas by
androgens imply unique biological importance for both
regions. For the OB, behavioral studies have shown
that castration reduces preferences of male rats to
estrous females (Carr et al., 1966), conspecific odors
(Carr et al., 1965; Brown, 1977), as well as disrupting
the male rats’ dishabituation (memory/recognition) re-
sponses to female chemical cues (Guan and Dluzen,
1994). Both preference and memory/recognition re-
sponses appear to involve the OB–NE system (Gray et
al., 1986; Sullivan et al., 1989, 1991; Cornwell-Jones,
1988; Guan et al., 1993a,b; Shang and Dluzen, 1998b).
Our current studies focusing on NE uptake sites in the
OB provide one more aspect related to the effect of
castration on OB–NE, as well as a possibility for
modulating this system by using uptake inhibitors.
With regard to the frontal cortex, the NE system of this
area has been most notably associated with depression
(Hrdina, 1983; Meana et al., 1993; Kitayama et al.,
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1997). The finding of an altered of NE uptake system in
the frontal cortex by castration may have important
implications for an understanding of some of the factors
which can alter NE function of the frontal cortex.
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