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Neurobiology of Disease

Uptake and Release of Norepinephrine by Serotonergic
Terminals in Norepinephrine Transporter Knock-Out Mice:
Implications for the Action of Selective Serotonin

Reuptake Inhibitors

E. Sylvester Vizi,' Gabriella Zsilla,' Marc G. Caron,” and Janos P. Kiss'
Department of Pharmacology, Institute of Experimental Medicine, Hungarian Academy of Sciences, H-1450 Budapest, Hungary, and 2Howard Hughes
Medical Institute, Duke University Medical Center, Durham, North Carolina 27710

Our aim was to investigate the functional properties of the noradrenergic system in genetically modified mice lacking the norepinephrine
transporter (NET). We measured the uptake and release of [*H]norepinephrine ([*H]NE) from hippocampal and cortical slices of
NET ~/~ knock-out (KO) and NET "/ wild-type (WT) mice and investigated the presynaptic a2-adenoceptor-mediated modulation of
NE release in vitro and in vivo. The [ *H]NE uptake was reduced to 12.6% (hippocampus) and 33.5% (frontal cortex) of WT control in KO
mice. The neuronal component of this residual uptake was decreased by 79.4 and 100%, respectively, when a selective serotonin reuptake
inhibitor (SSRI) citalopram was present during the loading. The more preserved neuronal release of [ ’H|NE (hippocampus, 28.1%;
frontal cortex, 74.4%; compared with WT) almost completely disappeared in both regions (94.1 and 95.3% decrease compared with KO,
respectively) in the presence of citalopram, suggesting that [ *H]NE was taken up and released by serotonergic varicosities. This was
further supported by the finding that the release of [*H]NE from hippocampal slices of KO mice was not modulated by the a2-
adrenoceptor antagonist 7,8-(methylenedioxy)-14-a-hydroxyalloberbane HCl, whereas the endogenous release of NE measured by mi-
crodialysis was even more efficiently enhanced by this drug in NET-deficient mice. These experiments indicate that serotonergic vari-
cosities can accumulate and release NE as a result of the heterologous uptake of transmitters. Because the diffusion of NE may be spatially
limited by serotonin transporters, the SSRIs, despite their selectivity, might enhance not only serotonergic but also noradrenergic

neurotransmission, which might contribute to their antidepressant action.
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Introduction

According to the monoamine theory, the neurochemical back-
ground of depression is an impairment of noradrenergic and/or
serotonergic neurotransmission and the concomitant decrease of
biophase concentration of these transmitters (Hindmarch, 2001;
Wong and Licinio, 2001). The extracellular concentration of
monoamines is primarily determined by two factors: the release
from terminals and varicosities, and the reuptake by monoamine
transporters. Currently, the most common therapeutic approach
for the treatment of depression is to increase the level of norepi-
nephrine (NE) and/or serotonin (5-HT) by inhibition of neuro-
nal reuptake; therefore, monoamine transporters have great clin-
ical importance as primary targets for antidepressant drugs
(Iversen, 2000; Vizi, 2000).
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All of the monoamine uptake carriers belong to the family of
Na*/Cl™-dependent membrane transporters containing 12
transmembrane domains (Amara and Arriza, 1993). The cloning
and sequencing of monoamine transporters in the early 1990s
(Blakely et al., 1991; Giros et al., 1991, 1992; Pacholczyk et al.,
1991; Ramamoorthy et al., 1993) revealed that these proteins
show a very high degree of structural homology. Including the
conservative substitutions, the amino acid sequence identity of
the NE and dopamine transporters (NET and DAT) is >75%
(Giros et al., 1992), whereas the 5-HT transporter (SERT) is also
very similar, its homology with NET being >60% (Blakely et al.,
1991). This high degree of homology may explain the accumulat-
ing observations suggesting that functional segregation of mono-
aminergic pathways is not as marked as it was assumed previously
(Carboni et al., 1990, 2001; Cases et al., 1998; Rocha et al., 1998;
Yamamoto and Novotney, 1998; Mundorf et al., 2001; Sora et al.,
2001; Moron et al., 2002; Uhl et al., 2002).

Recent development of genetically modified mice lacking the
NET (Wang et al., 1999; Xu et al., 2000) opened new perspectives
for studying the function of different monoaminergic systems.
Our aim was to investigate the alterations and possible interac-
tions of noradrenergic and other monoaminergic systems in the
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NET-deficient mice using functional (uptake and release)
experiments.

Materials and Methods

Animals

The original breeding pairs of NET knock-out (KO) and wild-type (WT)
mice (C57BL/6] based) were transferred from the Duke University Med-
ical Center (Durham, NC). The animals contained the DNA construct
previously shown to produce genetic deletion of the NET (Xu et al.,
2000). All of the experiments were performed on adult (3-5 months of
age) homozygous (NET ~/7) mice and their WT littermates (NET */*)
of both sexes weighing 20-29 gm. The line was maintained by crossing
heterozygous animals. The animals were housed (three or four per cage)
on a 12 hr light/dark cycle with ad libitum access to water and food.
Experimental protocols were approved by the Institutional Animal Care
and Use Committee of the Institute of Experimental Medicine. All of the
studies were conducted in compliance with National Institutes of Health
guidelines for the care and use of animals.

[?H]Nisoxetine binding

Membrane preparation. Mice were decapitated, and the brain was re-
moved over ice. The frontal cortex or the hippocampus was used in
uptake and release experiments, while the rest of the cortex was kept at
—70°C until use. The tissue was homogenized by Ultra-Turrax in ice-
cold 50 mm Tris-HCl buffer, pH 7.4, containing 300 mm NaCl and 5 mm
KCl, and centrifuged at 40,000 X g for 15 min. The pellet was washed
three times with buffer by suspension and centrifugation. The final pellet
was taken up in 30 vol (w/v) of buffer and used immediately for the
binding experiment.

Saturation experiments. Aliquots of membrane preparation and differ-
ent concentrations of [ *H]nisoxetine (0.1—1.7 nm) were incubated at 4°C
for 3 hr in a final volume of 250 ul of 50 mm Tris-HCI buffer, pH 7.4,
containing 300 mm NaCl and 5 mm KCl. The nonspecific binding was
determined in the presence of 10 um desipramine. The binding was
initiated by the addition of [ *H]nisoxetine and was terminated by rapid
vacuum filtration over GF/B filters soaked in 0.05% polyethylenimine.
The protein concentration (0.8—1 mg/ml) was measured by the modified
method of Lowry et al. (1951) using CuEDTA. The dissociation constant
(Ky) and the receptor density (B,,,.) were calculated by LIGAND
program.

max.

PCR analysis

The authenticity of WT, heterozygous, and NET KO mice was confirmed
by PCR. Genomic DNA was isolated from the tails of young animals with
DNeasy Tissue kit (Qiagen, Hilden, Germany), and the presence of NE
transporter and eGFP (enhanced green fluorescent protein) gene was
tested by PCR using gene-specific primers. PCR reactions were per-
formed in a GeneAmp PCR System 2700 using Promega (Madison, WI)
Taq polymerase (1 U per 30 ul reaction mixture). PCR temperature
protocol consisted of initial activation at 94°C for 5 min, followed by 40
cycles at 94°C for 1 min, 57°C for 1 min, and 72°C for 1.5 min. A final
elongation period of 10 min at 72°C was also included. PCR products
were analyzed on 1% agarose gel stained with ethidium bromide.

[’H]NE uptake and release from brain slices.

Mice were killed by decapitation, and the brain was rapidly removed and
immediately placed into ice-cold Krebs’ solution [composition (in mm):
113 NaCl, 4.7 KCl, 1.2 MgSO,, 2.5 CaCl,, 25 NaHCO,, 1.2 KH,PO,, 115
glucose, 0.3 Na,EDTA, and 0.03 ascorbic acid] and continuously gassed
with a mixture of 95% O, and 5% CO,. The frontal cortex or hippocam-
pus was prepared and sliced into 0.4 mm sections with a Bachofer tissue
chopper. Slices were separated by gently shaking, washed with 5 ml of
Krebs’ solution, and loaded for 45 min with [ >’H]NE at a concentration of
10 uCi in 1 ml of Krebs’ solution. When the involvement of 5-HT trans-
porters was investigated, the selective serotonin reuptake inhibitor
(SSRI) citalopram (1 um) was present during the loading period and
throughout the experiment. The nonspecific uptake and release was
measured in the presence of citalopram, the selective DA uptake inhibi-
tor 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piper-
azine dihydro-chloride (GBR 12909), and the selective NE uptake inhib-
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itor nisoxetine (1 uMm each). The mixture of selective monoamine uptake
inhibitors was present also during the loading period and throughout the
experiment. After the loading period, the slices were washed three times
with 10 ml of ice-cold oxygenated Krebs’ solution and transferred into a
four-channel microvolume (100 ul) perfusion system kept at 37°C. Four
slices were put into each chamber and the preparation was superfused
with Krebs” solution at a rate of 0.5 ml/min for 60 min (preperfusion
period), and the effluent was discarded. After preperfusion, 19 3 min
fractions were collected. Electrical stimulation (20 V; 2 Hz; 1 msec; 360
impulses) was applied during the third (S,) and the thirteenth sample
(S,). When the effect of 7,8-(methylenedioxy)-14-a-hydroxyallober-
bane HCI (CH-38083) was investigated, the drug was added to the Krebs’
solution from the ninth fraction and was kept in the medium until the
end of experiment. Then, the slices were removed from the chamber and
homogenized in 5 ml of 10% trichloroacetic acid. A 0.5 ml aliquot of the
supernatant was added to 2 ml of scintillation mixture (Ultima Gold;
Packard, Meridian, CT), and the radioactivity was measured with a Pack-
ard 1900 TR liquid scintillation counter. Radioactivity was expressed in
terms of disintegration per minute per gram of wet tissue (becquerels per
gram). The [ *H]NE uptake of slices was defined as the tissue content of
radioactivity at the beginning (Cy) of the perfusion period. This value
was calculated according to the following equation: 3, _ | ;4 FR; + C, =
Cp, where FR; is the released radioactivity in the fraction number i, and
Cg is the tissue content measured at the end of the experiment. The
neuronal release of [ *H]NE was measured by the integration of the sur-
plus release over baseline in response to electrical stimulation. When the
effect of CH-38083 was studied, the response to electrical stimulation in
the presence (FRS,) and absence (FRS,) of the drug was compared
(FRS,/FRS, ratio). Data are the mean = SEM of four independent exper-
iments and were analyzed using two-tailed t test or ANOVA followed by
Tukey—Kramer multiple comparison where appropriate (see Results).

In vivo microdialysis experiments

NET KO or WT mice of both sexes (28 —-30 gm) were anesthetized with
pentobarbital (75 mg/kg, i.p.). The animals were placed in a stereotaxic
frame and a homemade concentric dialysis probe (membrane, Spec-
trapor; permeability 6000 Da molecular weight; outer diameter, 0.2 mm;
active length, 3.7 mm) was implanted into the right hippocampus (coor-
dinates with respect to bregma: anteroposterior, —2.7; mediolateral,
+3.5; dorsoventral, —4.8). The probe was perfused with modified Ring-
er’s solution (in mm: 147 NaCl, 4 KCl, 1.2 CaCl,, 1.0 MgCl,) at a rate of
1.4 pl/min.

Sample collection was started 60 min after the probe insertion (equi-
librium period), and the 15 min samples were analyzed immediately by
the HPLC system. After the stabilization of NE release (typically after the
collection of six to seven basal samples), animals received an intraperi-
toneal injection of CH-38083 (10 mg/kg), and the effect was studied in
the next 60 min. In some experiments, tetrodotoxin (TTX, 1 um) was
added to the Ringer’s solution after the stabilization of baseline and was
perfused for 90 min to verify the neuronal origin of NE. To maintain
anesthesia, supplemental pentobarbital (15-20 mg/kg) was applied 2 hr
after the first injection. Body temperature was maintained at 37°C using
a heating blanket. After the experiments, mice were killed, and the place-
ment of the probe was verified by stereomicroscopic examination. In case
of incorrect location, data were excluded from the analysis.

The NE content of samples was determined by an HPLC-electro-
chemical detector system consisting of a Shimadzu LC-10ADVP pump
(Shimadzu, Kyoto, Japan), an electrically actuated injection valve (Valco
International, Schenkon, Switzerland), and a Coulochem II electro-
chemical detector (ESA, Chelmsford, MA). The working potentials were
set at —300 and +275 mV for the first and second cell, respectively.
Separation was achieved on a reversed-phase column (Supelco LC-18-
DB; Sigma, St. Louis, MO) with a mobile phase consisting of 0.15 m
sodium dihydrogen phosphate, 1.6 mm sodium octanesulphonate, 1.0
mM EDTA, and 12% methanol, pH 3.7. Chromatograms were collected
and analyzed by the MAXIMA 820 chromatography software. The detec-
tion limit of the assay was 0.2—0.3 pg/sample (on column).

Statistical analysis was performed on raw data (expressed as picograms
per 20 ul sample; not corrected for probe recovery) or in some cases on



7890 - J. Neurosci., September 8, 2004 - 24(36):7888 —7894

normalized data, in which the average concentration of three samples
before the injection of CH-38083 was taken as 100%, and all of the values
were expressed relative to this control. Statistical analysis was performed
using two-way ANOVA with repeated measures followed by Dunnett’s
or Tukey—Kramer multiple comparison test. When the area under the
curve was compared (NET KO vs control), the response to CH-38083
was calculated as a surplus over the baseline and was analyzed by un-
paired two-tailed ¢ test. The level of significance was set to p < 0.05.

Materials

Citalopram HBr was a gift from Lundbeck (Copenhagen, Denmark)
(GBR 12909 and nisoxetine HCI were obtained from Sigma). 1-7,8-
[PHINE (specific activity, 30-50 Ci/mmol) and N-methyl-[*H]
nisoxetine (specific activity, 84 Ci/mmol) were purchased from Amer-
sham Biosciences (Little Chalfont, Buckinghamshire, UK). TTX was
obtained from Alomone Labs (Jerusalem, Israel). CH-38083 was received
from Chinoin Pharmaceutical (Budapest, Hungary). All of the other
compounds were of analytical grade.

Results

Validation of the genetic deletion of NET: [ *H]nisoxetine
binding and PCR experiments

[’H]Nisoxetine binding

In our experiments, the functional properties of the cortical and
hippocampal noradrenergic system were compared in NET KO
and WT littermate mice. To control and verify the absence of NE
transporters, the receptor binding of the highly selective NET
ligand [’H]nisoxetine was investigated. Cortical membranes
were obtained from the animals used in the release and uptake
experiments (see Materials and Methods). In the WT mice, the
specific binding of [*H]nisoxetine in cortical membranes was
saturable with increasing concentrations of the ligand (Fig. 1 A).
The B, value was 156.1 *= 6.7 fmol/mg protein with a K
of 1.01 = 0.05 nM. In contrast, specific binding of [ *H]nisoxetine
was close to zero in the NET KO mice, verifying the absence
of NET.

PCR studies

The presence of NET was also tested by PCR analysis. In WT
(+/+) mice, a 470 bp product representing the NET gene was
detected. In heterozygous (+/—) animals, an additional band of
~700 bp was also amplified with primers detecting the entire
coding region of the eGFP gene that was also inserted into the
genome during homologous recombination (Xu et al., 2000). In
NET KO (—/—) mice, only the eGFP gene was amplified (Fig.
1 B), showing the absence of NET in these animals.

Functional characterization of the noradrenergic system:
[*H]norepinephrine uptake and release experiments

[’H]NE uptake

In the hippocampal slices of WT mice, the uptake of [ ’H]NE was
1130 * 87 kBq/gm of wet tissue. Although in the NET KO mice
the uptake was substantially decreased, it was still 142 * 10
kBq/gm of wet tissue (12.6% of WT control; p < 0.001; two-tailed
ttest). The majority of this uptake proved to be neuronal, because
in the presence of a mixture of selective monoamine uptake
blockers (1 uM each of nisoxetine, citalopram, and GBR 12909),
thatis, under complete inhibition of neuronal monoamine trans-
porters, the uptake further decreased to 50 = 3 kBq/gm of wet
tissue (here defined as nonspecific uptake; 35.2% of NET KO
control; p < 0.01; ANOVA followed by Tukey—Kramer multiple
comparison test). The SSRI citalopram (1 um) alone resulted in a
similar decrease (69 = 8 kBq/gm of wet tissue; 48.5% of NET KO
control; p < 0.01; not significantly different from nonspecific
uptake), which corresponded to a 79.4% inhibition of the resid-
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Figure1. Validation of the genetic deletion of NET. A, Saturation curves of specific binding of

[ *H]nisoxetine in WT and NET KO mice. The cortical membrane preparation was obtained from
animals used in uptake and release experiments. B, PCR analysis of genomic DNA from WT
(+/+), heterozygous (+/—), and homozygous (—/—) mice. The NET-specific band was
detected as a 470 bp product, whereas the primers specific for the eGFP gene amplified a
fragment of ~700 bp. M, Molecular size markers.

ual neuronal uptake (total — nonspecific) in NET KO mice (Fig.
2A). In the frontal cortex of WT mice, the uptake of [ ’H]NE was
958 * 80 kBq/gm of wet tissue. This uptake was reduced to only
one-third (321 * 38 kBq/gm of wet tissue; 33.5% of the WT
control; p < 0.01; two-tailed ¢ test) in NET KO mice. Citalopram
(1 uM) caused a substantial additional decrease (97 £ 4 kBq/gm
of wet tissue; 30.2% of the NET KO control; p < 0.001; ANOVA
followed by Tukey—Kramer multiple comparison test) (Fig. 3A).
The citalopram-insensitive uptake was not attributable to any
monoamine transporter activity, because the combination of
citalopram, nisoxetine, and GBR 12909 (1 uM each) resulted in
the same extent of inhibition (nonspecific uptake, 102 = 14
kBq/gm of wet tissue; 31.8% of the NET KO control; p < 0.001;
not significantly different from “citalopram alone” group) as
citalopram alone (Fig. 3A). Thus, the residual neuronal [*H]NE
uptake in NET KO mice completely disappeared (100% inhibi-
tion) in the presence of citalopram.

[?H]NE release

In addition to the uptake, the other important factor that deter-
mines the extracellular concentration of monoamines is the neu-
ronal release of transmitters. To test this function, the electrical-
stimulation-evoked release of [*H]NE was investigated from
hippocampal and cortical slices of KO and WT animals. In the
hippocampus, the electrical-stimulation-evoked release was
82.05 = 11.1 kBg/gm of wet tissue in WT animals. This value
significantly decreased in the NET KO mice (23.05 * 2.86
kBq/gm of wet tissue; 28.1% of WT control; p < 0.001; two-tailed
t test) and the presence of citalopram (1 um) caused an almost
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Figure 2.  Functional characterization of the monoaminergic systems in the hippocampus.

Both the uptake (4) and release ( B) of [ *HINE were measured in hippocampal slice preparation
of WT and NET KO mice. When citalopram or a combination of citalopram, GBR 12909, and
nisoxetine (nonspecific uptake and release) were used, the drugs were present at 1 um
throughout the experiment from the beginning of the loading period. The values represent the
mean == SEM of four to six independent experiments. WT and NET KO control data were com-
pared by a two-tailed ¢ test (***p << 0.001), whereas data of the NET KO groups were analyzed
using ANOVA followed by Tukey—Kramer multiple comparison test ("p < 0.01; ™"p < 0.001;
compared with NET KO control).
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Figure 3.  Functional characterization of the monoaminergic systems in the frontal cortex.
Both the uptake (A) and release ( B) of [ *HINE were measured in cortical slice preparation of WT
and NET KO mice. When citalopram or a combination of citalopram, GBR 12909, and nisoxetine
were used, the drugs were present at 1 um throughout the experiment from the beginning of
the loading period. The values represent the mean == SEM of four to six independent experi-
ments. WT and NET KO control data were compared by a two-tailed ¢ test (***p < 0.001),
whereas data of the NET KO groups were analyzed using ANOVA followed by Tukey—Kramer
multiple comparison test ("p << 0.001; compared with NET KO control).

complete inhibition of this release (3.43 = 0.52 kBq/gm of wet
tissue; 14.9% of the NET KO control; p < 0.001; ANOVA fol-
lowed by Tukey—Kramer multiple comparison test) (Fig. 2B). A
very small electrical-stimulation-evoked release could be ob-
served even in the presence of nisoxetine, citalopram, and GBR
12909 (2.19 = 0.73 kBq/gm of wet tissue; 9.5% of NET KO con-
trol; p < 0.001; “nonspecific” release, not significantly different
from the citalopram-alone group). Because in this case the neu-
ronal uptake was fully inhibited, this residual release was re-
garded as a consequence of nonspecific accumulation of [°’H]NE
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Figure 4. Presynaptic modulation of [ *HINE release from mouse hippocampal slices. The

response to electrical stimulations in the presence (FRS,) and absence (FRS,) of the a:2-
adrenoceptor antagonist CH-38083 (1 ) was compared (FRS, /FRS, ratio) in WT and NET KO
animals. Data are the mean == SEM of four independent experiments. ANOVA followed by
Tukey—Kramer multiple comparison test was used for statistical comparison (**p < 0.01;
compared with WT control).

(e.g., passive diffusion through the membrane). The specific re-
lease (total — nonspecific) in the NET KO group almost com-
pletely disappeared in the presence of citalopram (94.1% de-
crease compared with the NET KO control). In the frontal cortex,
the electrical-stimulation-evoked release was 57.82 * 6.76
kBq/gm of wet tissue in WT mice. Interestingly, the neuronal
[PH]NE release was not reduced significantly in the NET KO
mice (43.02 = 7.87 kBq/gm of wet tissue; 74.4% of WT control;
two-tailed f test); however, in the presence of citalopram (1 um),
the decrease was dramatic (6.36 = 1.09 kBq/gm of wet tissue;
14.8% of NET KO control; p < 0.001; ANOVA followed by Tuke-
y—Kramer multiple comparison test). The nonspecific release in
the presence of uptake inhibitor mixture was 4.57 = 0.97 kBq/gm
of wet tissue (10.6% of NET KO control; p < 0.001) in NET KO
animals. The specific release, similarly to the hippocampus, al-
most completely disappeared (95.3% decrease, compared with
NET KO control) after inhibition of 5-HT transporters by citalo-
pram (Fig. 3B).

Study of the presynaptic modulation of norepinephrine
release in vitro and in vivo: stimulation-evoked
[*H]norepinephrine release and microdialysis experiments
The release of NE from noradrenergic varicosities is subject to
presynaptic modulation by a2-adrenoceptors. This regulatory
mechanism was investigated by using the selective «2-
adrenoceptor antagonist CH-38083 (Vizi et al., 1986).

Electrical stimulation-evoked release of [°’H]NE

In control experiments, the FRS,/FRS; ratio was close to 1
(0.98 = 0.06; n = 4). In the NET KO group, this value was lower
(0.78 = 0.05; n = 4), but the difference was not significant. The
a2-adrenoceptor antagonist CH-38083 (1 um; applied before the
second stimulation) significantly increased ( p < 0.01, compared
with WT control by ANOVA followed by Tukey—Kramer multi-
ple comparison test) the release of NE in WT animals (1.98 =
0.04; n = 4) but had no effect on the stimulation-evoked NE
efflux in the NET KO mice (0.84 = 0.09; n = 4) (Fig. 4).

In vivo microdialysis experiments

The basal release of NE was significantly higher ( p < 0.01; un-
paired two-tailed ¢ test) in the NET KO animals (4.13 * 0.65
pg/20 ulsample; n = 6) than in the WT group (1.84 * 0.20 pg/20
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Figure 5.  Presynaptic modulation of endogenous NE release in the hippocampus of anes-

thetized mice. The microdialysis probes were implanted into the ventral hippocampus. After the
stabilization of baseline, the animals received the «:2-adrenoceptor antagonist CH-38083 (10
mg/kg, i.p.) at the time point 0, as indicated by the arrow, and then four 15 min samples were
collected. Data are the mean = SEM of four to six independent experiments and represent the
concentration of NE (pg/20 I sample) or the normalized values (percentage of baseline, inset).
Two-way ANOVA with repeated measures followed by Dunnett's test (*p << 0.05; **p << 0.01;
compared with corresponding baseline) or Tukey test (p << 0.05; NETKO vs corresponding WT
time points) was used for statistical comparison.

wl sample; n = 4). The basal release proved to be neuronal, be-
cause (in separate experiments) infusion of TTX (1 um) for 90
min reduced the NE efflux by 65 and 85% in WT and NET KO
mice, respectively (data not shown). The a2-adrenoceptor antag-
onist CH-38083 (10 mg/kg, i.p.) increased significantly the NE
release in both groups (Fig. 5); however, the effect was stronger in
the NET KO mice. This difference was not a simple consequence
of the higher basal concentration, because the analysis of normal-
ized data (Fig. 5, inset) showed that the surplus release over the
baseline doubled (area under curve, 481.44 * 81.66 vs 258.44 *+
53.93, in arbitrary units; p < 0.05; unpaired two-tailed ¢ test), and
the effect at 60 min was tripled (62% increase vs 193% increase;
p < 0.05; two-way ANOVA with repeated measures followed by
Tukey test) in the NET-deficient animals.

Discussion

In vitro release and uptake of [ *H]norepinephrine

Our main goal was to investigate the changes in the function of
the noradrenergic system induced by the genetic deletion of NET,
and to explore the possible interaction between the noradrener-
gic and other monoaminergic systems. We studied, therefore, the
uptake and electrical-stimulation-evoked release of [*H]NE in
the hippocampus, which is innervated primarily by serotonergic
and noradrenergic neurons (Mongeau et al., 1997; Vizi and Kiss,
1998) and in the frontal cortex, in which dopaminergic innerva-
tion is also present (Descarries et al., 1987; Doucet et al., 1988).
Our most important finding is that, in the brain slices of NET-
deficient mice, a variable portion of [’H]NE uptake persisted,
and as it was evidenced by release experiments, a substantial part
of [ ’H]NE was taken up by neurons. The use of the highly selec-
tive 5-HT uptake inhibitor citalopram provided convincing evi-
dence that this uptake was mediated via SERT. The selectivity of
citalopram is the greatest among SSRIs; the K; values for 5-HT,
NE, and DA are 14 nMm, 32 uM, and 41 uM, respectively (Hyttel,
1977); therefore, at the concentration (1 uMm) used in our exper-
iments, only the SERT was effectively inhibited. The hippocam-
pus is densely innervated by noradrenergic and serotonergic var-
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icosities but contains only sparse dopaminergic innervation; the
ratio is 30:25:1 for 5-HT/NE/DA (Feuerstein et al., 1986). The
average densities of serotonergic (Oleskevich and Descarries,
1990) and noradrenergic (Oleskevich et al., 1989) varicosities are
2.7 and 2.1 million/mm?, respectively. Because of the genetic
deletion of NET, only SERT is present in the hippocampus, which
provides additional support for our conclusion that [ *H]NE was
taken up by serotonergic neurons. In the frontal cortex, there is
also a significant dopaminergic innervation; however, the overall
density of dopaminergic varicosities is only 0.25 million/mm?
(Doucet et al., 1988), whereas those of the noradrenergic and
serotonergic varicosities are 1.2 and 5.8 million/mm?, respec-
tively (Audet et al., 1988, 1989). In addition, immunocytochem-
ical studies show that the density of transporters and monoam-
inergic varicosities is not necessarily proportional in a given
region (Ciliax et al., 1995). In the prefrontal cortex, DAT immu-
noreactivity is observed only on the intervaricose segments but
not on the varicosities, which suggests that the number of DAT
might be very low in this region (Sesack et al., 1998). A recent
observation suggests that DAT plays a minimal role in the clear-
ance of DA in the frontal cortex, because the selective DA uptake
inhibitor GBR 12909 fails to block the uptake of DA (Moron et
al., 2002). Because the affinity of DAT for NE is much lower than
for DA, elimination of [ ’H]NE by DAT in the cortex is not likely.
Our data are in line with this finding, because citalopram, at a
SERT-selective concentration, fully blocked the uptake of
[PHINE in the frontal cortex, and the combination of GBR
12909, nisoxetine, and citalopram resulted in the same inhibition
as citalopram alone, suggesting that only SERT was responsible
for the uptake of [*H]NE, and DAT was not involved in this
process. The role of SERT in [ H]NE uptake is supported also by
quantitative differences. In the hippocampus, in which the ratio
of serotonergic and noradrenergic innervation (density of vari-
cosities) is close to 1, only 12.6% of the uptake was preserved,
whereas in the frontal cortex, in which the serotonergic innerva-
tion predominates (the ratio is >4), a higher uptake (33.5%)
could be observed. The higher uptake resulted in a proportionally
enhanced release, which underlines the functional significance of
heterologous uptake of NE by serotonergic terminals and sug-
gests that the firing rate of serotonergic neurons might influence
the extracellular concentration of NE.

Presynaptic modulation of norepinephrine release

The hippocampal release of NE is inhibited by presynaptic a:2-
adrenoceptors located on noradrenergic varicosities (Vizi, 1979;
Starke, 1981; Milusheva et al., 1994; Kiss et al., 1995). Although
presynaptic a2-adrenoceptors can be found also on serotonergic
terminals (Maura et al., 1982; Zhang et al., 1995; de Boer et al,,
1996; Scheibner et al., 2001), it has been shown that the two
a2-adrenoceptor populations are pharmacologically distinct
(Frankhuyzen and Mulder, 1982; Mongeau et al., 1993). This
difference might explain that the a2-adrenoceptors regulating
5-HT release are desensitized during chronic antidepressant (de-
sipramine, nisoxetine) treatment (Blier and Bouchard, 1994;
Mongeau et al., 1994; Yoshioka et al., 1995), but the autorecep-
tors on noradrenergic varicosities preserve their activity (Schof-
felmeer and Mulder, 1982; Campbell and McKernan, 1986; Mon-
geau et al., 1997). Our microdialysis data show an elevated
extracellular concentration of NE in NET KO mice; thus, the
neurochemical conditions resemble a chronic antidepressant
treatment, and the a2-adrenoceptors on serotonergic terminals
are most likely desensitized. We observed that the electrical-
stimulation-evoked [*H]NE release from hippocamapal slices
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was not modulated by a2-adrenoceptors in the NET KO mice,
but the in vivo NE release could be enhanced by the a2-
adrenoceptor antagonist CH-38083. This indicates that the
source of [’H]NE release is the serotonergic varicosity, which
accumulated the labeled transmitter via SERT, whereas in micro-
dialysis experiments, we measure the endogenous NE release di-
rectly from the noradrenergic terminals where the efficacy of
CH-38083 is even higher in the NET KO mice. This increased
efficacy shows that the autoreceptors are not desensitized and the
inhibitory tone on NE release is stronger because of the elevated
extracellular concentration of NE. Our data on the presynaptic
regulation, therefore, also support the assumption that [ "H]NE is
accumulated and released by serotonergic terminals.

Significance of the heterologous uptake of monoamines
Accumulating evidence indicates the existence of heterologous
uptake among DAT, NET, and SERT. Early studies using selective
uptake blockers and specific pathway lesions proved that [ "H]DA
could be taken up by noradrenergic and serotonergic neurons
(Descarries et al., 1987). Later, microdialysis studies confirmed
that NET can influence the dopaminergic neurotransmission,
because NET inhibitors increased the extracellular DA concen-
tration in the prefrontal cortex (Carboni et al., 1990; Yamamoto
and Novotney, 1998). In voltammetry experiments, inhibition of
NET significantly decreased DA clearance (Mundorfetal., 2001).
Consistent with this finding, it has been proposed that clearance
of DA by NET plays a role in cocaine self-administration in DAT
KO mice (Carboni et al., 2001). The connection between dopa-
minergic and serotonergic uptake has also been described. It has
been shown that dopaminergic terminals take up and release
[*H]5-HT in the striatum and serotonergic varicosities take up
and release [*H]DA in the hippocampus of rabbit (Feuerstein et
al., 1986). A paper reported that cocaine place preference persists
in DAT or SERT KO mice, but disappears in combined DAT/
SERT KO animals, suggesting that both systems contribute to the
rewarding effects of cocaine (Sora et al., 2001). Thus, the NET-
DAT and the DAT-SERT interaction is well documented in the
literature, but the functional connection between the NET and
SERT, especially the fact that SERT may take up NE and seroto-
nergic varicosities can release NE, is a novel finding. Our release
experiments show that this heterologous uptake may have func-
tional consequence, because the cortical release of [ *H]NE was
not decreased significantly in the NET-deficient animals; that is,
the serotonergic system could substantially contribute to norad-
renergic neurotransmission in NET KO animals. But what is the
relevance of this finding in normal animals? An obvious differ-
ence is the presence of functional high-affinity NET on noradren-
ergic varicosities. In addition, the extracellular concentration of
NE is much lower than in the NET-deficient animals. These cir-
cumstances reduce the chance of SERT being involved in norad-
renergic neurotransmission to a similar extent as that observed in
NET KO mice. Nevertheless, comprehensive data are not avail-
able on the density of NET in different brain regions; therefore, it
is possible that certain areas receive noradrenergic and serotoner-
gic projections but the density of NET is low, similarly to those
conditions described in the prefrontal cortex in the case of dopa-
minergic pathways and DAT (Ciliax et al., 1995; Sesack et al.,
1998). In such areas, the role of SERT might be important. In
addition, the ability of 5-HT terminals to take up and release NE
might be revealed under conditions when the function of NET is
compromised by an endogenous or exogenous (e.g., drug effect)
reason.
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Conclusions

The functional interaction between noradrenergic and seroto-
nergic varicosities in the CNS may have a great clinical impor-
tance, because these monoaminergic systems are involved in the
pathophysiology of depression and their modulation is the major
direction of recent antidepressant therapies. Our results provide
evidence for the first time that, under certain conditions, seroto-
nergic varicosities take up NE via SERT and might release NE in
response to neuronal activity; thus, the serotonergic system
might directly contribute to the regulation of extracellular NE
concentration in the CNS. Because of this interaction, the SSRIs,
despite their selectivity for SERT, might enhance not only the
serotonergic but also the noradrenergic neurotransmission, at
least in brain areas in which the density of SERT is higher than the
density of NET or the function of NET expressed on noradren-
ergic varicosities is impaired. These findings may provide a better
understanding of the functional properties of monoaminergic
systems and the mechanism of action of antidepressant drugs.
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