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High-speed chronoamperometry was used to determine the kinetics of clearance of exogenously applied serotonin (5-HT) in
aphe nucleus (DRN), dentate gyrus, CA3 region of the hippocampus or corpus callosum of anesthetized rats. Maximal velocityVmax) for
-HT clearance was greatest in the DRN > dentate gyrus > CA3 > corpus callosum. Apparent affinity (KT) of the serotonin transporter (5-HT
as similar in DRN and CA3 but greater in dentate gyrus and corpus callosum. A 90% loss of norepinephrine transporters (NET
y 6-hydroxydopamine pretreatment, resulted in a two-fold reduction inVmax and a 30% decrease inKT in the dentate gyrus, but no change
inetic parameters in the CA3 region. Pretreatment with 5,7-dihydroxytryptamine that resulted in a 90% reduction in 5-HTT density,
educedVmax in dentate gyrus but not in CA3. The same treatment had no effect onKT in the dentate gyrus but increasedKT two-fold in the
A3. Neurotoxin treatments had no effect on 5-HT clearance in the corpus callosum. In hippocampal regions of intact rats, local a
f the selective serotonin reuptake inhibitor, fluvoxamine, inhibited 5-HT clearance most robustly when the extracellular concen
-HT was less than theKT value. By contrast, the NET antagonist, desipramine, significantly inhibited 5-HT clearance when extra
oncentrations of 5-HT were greater than theKT value. These data indicate that hippocampal uptake of 5-HT may be mediated
rocesses, one with high affinity but low capacity (i.e. the 5-HTT) and the other with low affinity but a high capacity (i.e. the NET
ata show for the first time in the whole animal that 5-HT clearance in brain is regionally distinct with regard to rate and affinity.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Uptake of serotonin (5-HT) is the principle active mech-
nism for removal of 5-HT from extracellular fluid of brain.
ecause 5-HT is important in regulating many complex be-
aviors and physiological functions (e.g. thermoregulation,

eeding, sleep and mood), understanding the kinetics of 5-HT
learance and factors that influence it has great significance.

∗ Corresponding author. Tel.: +1 210 567 0171; fax: +1 210 567 5381.
E-mail address:daws@uthscsa.edu (L.C. Daws).

Unlike dopamine, the kinetics of 5-HT uptake in vivo ha
not been well characterized. Bunin and co-workers, in
elegant series of experiments, used fast scan cyclic vo
metry to evaluate 5-HT release and uptake in brain s
containing the dorsal raphe nucleus (DRN) or substa
nigra (Bunin and Wightman, 1999; Bunin et al., 199).
These data produced seminal evidence for the existen
volume or paracrine transmission as a mode of seroton
neurotransmission, at least in these brain regions.

Active uptake by the serotonin transporter (5-HTT) as
as diffusion contribute to clearance of 5-HT away from its

165-0270/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2004.09.011
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lease site, but evidence indicates that other factors may also
participate. For example, we have shown that in the dentate
gyrus the norepinephrine transporter (NET) is able to remove
5-HT from extracellular fluid in vivo (Daws et al., 1998). Ev-
idence for 5-HT uptake by the NET and also the dopamine
transporter has been provided by others (Jackson and
Wightman, 1995; Shaskan and Snyder, 1970; Zhou et al.,
2002) suggesting that promiscuity among transporters for the
biogenic amines exists.

In this study, our aim was to determine the relationship
between 5-HTT density and the kinetics of 5-HT clearance
as well as conditions under which transporter “promiscuity”
occurs in vivo. We used high-speed chronoamperometry to
investigate clearance of exogenously applied 5-HT in four
brain regions of anesthetized rats. This approach allows 5-
HT clearance to be measured in the absence of any direct
contributions from endogenously released 5-HT (Daws et al.,
2000). The brain regions compared were the DRN (a cell body
region that expresses the greatest density of 5-HTTs in brain)
(Hensler et al., 1994; Montañez et al., 2002), two terminal
field regions, the dentate gyrus and CA3 region of the hip-
pocampus (which express four- to nine-fold fewer 5-HTTs
than in DRN) (Hensler et al., 1994; Montañez et al., 2002;
Swanson et al., 1987) and the corpus callosum, a fiber tract
with comparatively little 5-HTT expression (Oleskevich and
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dark cycle with food and water provided ad libitum. All an-
imal procedures were approved by the local institutional an-
imal care and use committee and were in strict accordance
with the NIH Guide for the Care and Use of Laboratory Ani-
mals. All efforts were made to minimize both the number of
animals used and stress or discomfort to the animals during
experimental procedures.

2.2. Electrochemical recordings

High-speed chronoamperometric recordings were made
using the FAST-12 system (Quanteon, Nicholasville, KY).
Oxidation potentials consisted of 100 ms pulses of +0.55 V.
Each pulse was separated by a 900 ms interval during which
the electrode potential was maintained at 0.0 V. Voltage at
the active electrode was applied with respect to an Ag/AgCl
reference electrode positioned in the extracellular fluid of the
ipsilateral superficial cortex. Oxidation and reduction cur-
rents were digitized and averaged over the last 80 ms of each
100 ms voltage pulse.

2.2.1. Electrode preparation and in vitro calibration
Carbon fiber electrodes (active recording area 30�m tip

diameter× 300�m length, Quanteon, Nicholasville, KY)
were coated 3–6 times with Nafion® (5% solution, Aldrich
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escarries, 1990; Sur et al., 1996; Zhou et al., 1998). Our gen
ral hypothesis was that the maximal velocity (Vmax) for 5-HT
learance and “apparent” transporter affinity (KT) for 5-HT
epend not only on the density of 5-HTTs but also on “n
elective” uptake by catecholaminergic transporters. Bec
tudies of transporter affinity and uptake capacity in vitro
haskan and Snyder, 1970) report the existence of two upta
rocesses for 5-HT, a high affinity–low capacity process
-HTT, and a low affinity–high capacity process, presum
atecholaminergic transporters, we hypothesized that in
egions where the NET predominates (e.g. dentate gyrus
pparentKT value would be greater (i.e. lower affinity) th

n regions where the 5-HTT predominates (e.g. CA3 re
f hippocampus and DRN) (seeHensler et al., 1994; Tejan
utt, 1992). We also hypothesized that the ability of se

ive uptake inhibitors of 5-HT and norepinephrine to inh
learance of exogenously applied 5-HT would be depen
n the extracellular fluid concentration of 5-HT at the t
f their application. These studies extend our earlier wor
pplying high-speed chronoamperometry to calculate ki
arameters (Vmax andKT) for 5-HT clearance in vivo.

. Materials and methods

.1. Animals

Male Sprague–Dawley rats (Harlan, Indianapolis,
SA), weighing 280–380 g, were used for all experime
hey were housed in groups of three, or individually afte
overing from surgery and maintained under a 12:12 h
hemical Co, Milwaukee, WI), to prevent interferen
rom anionic substances in extracellular fluid (Daws et al.
997; Gerhardt and Hoffman, 2001; Gerhardt et al., 19).
lectrodes were dried at 200◦C between each coat. Ele

rodes were tested for sensitivity to the 5-HT metabolite
ydroxyindoleacetic acid (5-HIAA, 250�M) and calibrated
ith 6 (0.5–3.0�M) or 12 (1.0–12.0�M) accumulating con
entrations of 5-HT depending on the experiment. Only e
rodes displaying a selectivity ratio for 5-HT over 5-HIA
reater than 500:1 and a linear response (r2 ≥ 0.90) to 5-HT
ere used. The detection limit for the measurement of 5
as defined as the concentration that produced a res
ith a signal-to-noise ratio of 3 and in these experim
veraged 43± 8 nM (n= 168).

Electrodes were calibrated prior to use in vivo. P
alibrations were not carried out, as it is not known w
nd by what function electrodes lose sensitivity. In fact,
itivity can be lost when electrodes are removed from b
ue to adsorption of blood and proteins, if they are not c

ully handled. Because of this, start of experiment calibra
alues were used as they can be easily calculated and l
lectrode sensitivity can be easily determined during th
eriment. Loss of sensitivity was defined as a greater
5% decrease in signal amplitude for the same amou
erotonin pressure-ejected at randomized intervals thro
ut the experiment. In the event of this occurring, the e

rode was replaced.

.2.2. In vivo experimental protocols
As described inDaws et al. (1998)rats were anesthetiz

y intraperitoneal (ip) injection of chloralose (85 mg/
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and urethane (850 mg/kg). A tube was inserted into the
trachea to facilitate breathing and the rat was placed into a
stereotaxic frame. The electrode–micropipette assembly was
positioned in brain according to the following stereotaxic
coordinates where all anterior–posterior (AP) measures
are from bregma, medial–lateral (ML) measures are from
midline and dorsal–ventral (DV) measures are from dura:
DRN (AP, −7.8; ML, +1.7; DV,−5.2 to−5.6; at an angle
13◦ to the vertical plane), the dentate gyrus (AP,−3.8;
ML, +1.6; DV, −3.0 to−3.2), the CA3 region of the dorsal
hippocampus (AP,−4.1; ML, +3.3; DV,−2.7 to 3.0), or the
corpus callosum (AP,−4.3; ML, +1.0; DV,−2.2) according
to the atlas ofPaxinos and Watson (1986). Body temperature
was maintained at 37± 1◦C by a water circulated heating
pad (Seabrook, Cincinnati, OH).

The electrochemical recording assembly consisted of
a Nafion-coated, single carbon fiber electrode attached
to a 7-barrelled micropipette (Frederick Haer Corp. Inc.
Bowdoinham, ME). The assembly was constructed using a
micropositioner such that the electrode and micropipette tips
were separated by 300�m. The tip diameter of each barrel
of the multi-barrelled micropipette was between 10–15�m.
Barrels were filled with either 5-HT (200�M), the selective
serotonin reuptake inhibitor (SSRI) fluvoxamine (400�M),
the norepinephrine uptake inhibitor desipramine (DMI,
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>90% loss of [3H]-cyanoimipramine binding to the 5-HTT
after intracerebroventricular administration of 5,7-DHT.

2.2.4. Effect of serotonin and norepinephrine uptake
inhibitors on 5-HT clearance in the CA3 region of the
hippocampus

In these experiments 5-HT (200�M) was pressure-ejected
to yield signals that averaged 0.5 or 4.0�M. For low signal
amplitudes 3± 1 pmol (15± 3 nl) of 5-HT was delivered and
for high signal amplitudes 20± 3 pmol (99± 12 nl) 5-HT was
pressure-ejected. Once a reproducible signal was obtained
(usually after 3–4 applications), vehicle or drug (fluvoxam-
ine or DMI) was applied 2 min before the next application of
5-HT in order to allow sufficient time for diffusion of drug to
areas around the recording electrode. In addition, we find that
the transient decrease in signal amplitude that is sometimes
observed after DMI, presumably due to its transient adsorp-
tion to the electrode (Hoffman and Gerhardt, 1998), can be
avoided by delaying the post-drug application of 5-HT by
2 min. These solutions were pressure-ejected over 10–20 s to
minimize disturbances to the baseline electrochemical sig-
nal. The volume of drug or vehicle ejected was 2–4 times the
volume of 5-HT. Signals were allowed to return to baseline
before administration of another drug or vehicle. The order
of drug administration was randomized between experiments
t
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00�M) or vehicle. All drugs were dissolved in 0.1
hosphate-buffered saline with 100�M ascorbic acid adde
s an antioxidant with the exception of DMI, which w
issolved in ultra pure water with 100�M ascorbic acid
he pH of all solutions was adjusted to 7.3–7.4.

.2.3. Brain region dependency of 5-HT clearance
In these experiments 5-HT (200�M) was pressure-ejecte

5–25 psi for 0.25–3 s) into either the DRN, dentate gy
A3 region of the hippocampus or the corpus callosum.
olume of 5-HT delivered (10–150 nl) was measured by
ermining the amount of fluid displaced from the micropip
sing a dissection microscope fitted with an eyepiece ret
nd was varied to yield signals ranging in amplitude f
.25 to 12.0�M. This approach was adopted based o
omprehensive study by Zahniser and colleagues (1
ho reported no difference in clearance parameters w
ifferent pmol amounts of DA were achieved by keeping
oncentration constant and varying volume ejected, ve
jecting the same volume of different barrel concentratio
A. The sequence of 5-HT signals with different amplitu
as randomized between each subject. From these
stimates of the maximal velocity of clearance (Vmax) and
pparent affinity of the transporter for serotonin (KT) could
e calculated and compared between brain regions. The
eriments were also repeated in the CA3 region, dentate
nd corpus callosum of rats previously treated with e
,7-dihydroxytryptamine (5,7-DHT) or 6-hydroxydopam
6-OHDA) to destroy serotonergic and noradrene
eurons, respectively. The DRN was not included in
eries of experiments as it was not possible to achie
,

-

o eliminate order effects.

.3. Histology

At the conclusion of each in vivo electrochemical reco
ng experiment, an electrolytic lesion was made to mark
lacement of the electrode tip and the rat was decapi
hile still anesthetized. The brain was removed before b

apidly frozen on dry ice and stored at−80◦C until use. A
his time brains were thawed to−15◦C and cut into 20�m
ections for either histological verification of electrode
alization and/or autoradiographic quantitation of 5-HTT
ET density. Only data from rats where the electrode
as confirmed to be in the desired target brain region

ncluded in the data analyses.

.4. 5,7-DHT and 6-OHDA lesions

Rats were intracerebroventricularly administered e
,7-DHT or 6-OHDA. Animals lesioned with 5,7-DHT we
iven nomifensine (30 mg/kg, ip) 30 min before infus
f 5,7-DHT to prevent destruction of noradrenergic
opaminergic neurons (Gershanik et al., 1979); those le
ioned with 6-OHDA were given sertraline (10 mg/kg,
nd GBR12909 (30 mg/kg, ip) 30 min prior to 6-OHDA
revent the destruction of serotonergic and dopamin
eurons, respectively (McCann et al., 1997; Nissbrant
l., 1991). Animals were anesthetized with chloral hydr
400 mg/kg, ip) and placed into a stereotaxic frame. Ne
oxin was delivered bilaterally into the lateral ventricles us

28-gauge stainless steel injector, connected to a mic
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ringe pump (stereotaxic coordinates: AP−0.8 from bregma;
ML 1.5 from midline; DV−3.7 from skull). Ten microliters
of phosphate-buffered saline containing 100�g of neurotoxin
and 100�M ascorbic acid was infused into each ventricle
at a rate of 1�l/min. The total amount of 5,7-DHT or 6-
OHDA delivered was therefore 200�g. After completion of
the intracerebroventricular infusion, the injector was left in
place for 5 min to allow diffusion of neurotoxin from the
injector. Control rats were subjected to the same procedure
but were infused with vehicle containing 100�M ascorbic
acid alone. The control rats also received pretreatment with
nomifensine (5,7-DHT sham) or sertraline and GBR 12909
(6-OHDA sham) to mimic the pretreatment of the lesioned
groups. In vivo electrochemical recordings were performed
2–4 weeks after the lesioning procedure. The extent of lesion
was confirmed by quantitative autoradiography binding of
[3H]-cyanoimipramine to the 5-HTT and of [3H]-nisoxetine
binding to the NET.

2.5. Quantitative autoradiography

2.5.1. [3H]-cyanoimipramine binding
Brain sections (20�m) were cut in a cryostat at−15◦C,

thaw-mounted onto gelatin-coated slides and dehydrated
overnight at 0–4◦C. Serotonin uptake sites were measured
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4◦C for 4 h. Non-specific binding was defined using 10�M
mazindol and was approximately 5% of total binding. After
incubation, sections were washed three times for 5 min each
in cold buffer, dipped in ice-cold distilled water and then dried
on a slide warmer at 60◦C. Sections and calibrated [3H] stan-
dards were exposed against Hyperfilm-[3H] for 5 weeks to
generate autoradiograms. These were quantified as described
above. The concentration of [3H]-nisoxetine used is approx-
imately 4× its KD value (Tejani-Butt, 1992) so the values
obtained approximate 80% ofBmax values.

2.6. Data analyses

Shown inFig. 1 (upper panel) is a typical signal evoked
by the exogenous application of 5-HT into the CA3 region of
the hippocampus. Shown is the oxidation current converted
to a micromolar value using the calibration factor derived in
vitro. From this the velocity of clearance (V) for 5-HT was
calculated by fitting the descending portion of the signal to an
equation describing one-phase exponential decay. This type
of analysis has been used to determine kinetic parameters
for DA clearance in the striatum of freely moving rats and
is described in detail inSabeti et al. (2002). Fig. 1 (lower
panel) illustrates the fit of the descending portion of the above

F scrib-
i urrent,
c ed in
v f the
hippocampus. The lower panel shows the fit of the descending portion of
this signal to an equation describing one-phase exponential decay, whereY
is the concentration of 5-HT, [5-HT]o,i is the initial maximal extracellular
concentration of 5-HT,t is the time, andk is the rate constant. The half-life
of decay is 0.6932/k. Shown are the actual signal (open circles) and the line
fitting the equation (solid line). From this equation,k is derived. The product
of k and the maximal amplitude of the signal givesV.
sing [ H]-cyanoimipramine according to the method
ovachich et al. (1988). Brain sections were incubated w
nM [3H]-cyanoimipramine (80–85 Ci/mmol: American R
iolabelled Chemicals) in a buffer consisting of 50 mM T
H 7.4 and 120 mM NaCl at 4◦C for 24 h. Non-specific bind

ng was defined using 5�M sertraline and was approximate
% of total binding. After incubation, sections were was

n cold buffer for 60 min at 4◦C, dipped in cold distilled wate
nd then dried on a slide warmer at 60◦C. Sections and ca

brated [3H] standards (American Radiolabelled Chemic
t. Louis, MO) were exposed against Hyperfilm-[3H] (CEA
B Sweden for Amersham) for 14 days to generate autor
ram (or 7 days for DRN). Optical densities of brain ima
ere converted to femtomoles per milligram protein us
IH-IMAGE software, which compared optical densities

mages of [3H] standards on the same film. Measurem
ere taken from plates containing the DRN, CA3, den
yrus or corpus callosum using the atlas ofPaxinos an
atson (1986). The concentration of [3H]-cyanoimipramine

sed is approximately 8× its KD value (Kovachich et al.
988) so the values obtained approximate 89% ofBmax
alues.

.5.2. [3H]-nisoxetine binding
Brain sections (20�m) were cut in a cryostat at−15◦C,

haw-mounted onto gelatin-coated slides and dehyd
vernight at 0–4◦C. Norepinephrine uptake sites were m
ured using [3H]-nisoxetine according to the method
ejani-Butt (1992). Brain sections were incubated with 3 n
3H]-nisoxetine (86 Ci/mmol; Amersham) in a buffer cons
ng of 50 mM Tris, pH 7.4, 300 mM NaCl and 5 mM KCl
ig. 1. Fit of the descending portion of a 5-HT signal to an equation de
ng one-phase exponential decay. Shown in the upper panel is the c
onverted to a micromolar value using a calibration factor determin
itro, produced by pressure-ejection of 5-HT into the CA3 region o



L.C. Daws et al. / Journal of Neuroscience Methods 143 (2005) 49–62 53

oxidation current to the following equation describing a one-
phase exponential decay:

Y = [5-HT]o,i e−kt + [5-HT]o,t

whereY is the concentration of 5-HT (�M), [5-HT]o,i the
initial maximal extracellular concentration of 5-HT (�M),
[5-HT]o,t the extracellular concentration of 5-HT (�M) at
baseline andk the rate constant (s−1). The half-life of de-
cay is 0.6932/k. Note that because the concentration of 5-HT
at baseline (i.e. [5-HT]o,t) equals zero (the value given to
represent the baseline electrochemical signal prior to addi-
tion of exogenous 5-HT), this component of the equation is
redundant and subsequently not used in the analyses. The
calculatedk value from this equation is then multiplied by
the amplitude of the signal to give the velocity of transport
(V). These calculations are made for signals of increasing
amplitude until an apparentVmax is reached. Data are orga-
nized according to signals of increasing amplitudes and then
averaged into bins according to a pseudo-geometric progres-
sion.VmaxandKT (concentration of 5-HT that corresponds to
Vmax/2) values for group data are then determined by fitting a
four-parameter logistic equation (sigmoid function with vari-
able slope and minimum value constrained to zero) to a plot
of signal amplitude versusV. Each point on the curves used
for kinetic analyses of 5-HT clearance was derived from four
t
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versus 5,7-DHT versus 6-OHDA). Two-way ANOVA with
Bonferroni post-hoc comparisons were carried out to assess
the main effect of treatment and signal amplitude onV. A
two-tailed probability level ofP< 0.05 was accepted as statis-
tically significant for all tests. Data are expressed throughout
as mean± standard error of the mean (S.E.M.).

2.7. Drugs

Serotonin hydrochloride, 5-HIAA, desipramine hy-
drochloride, GBR 12909 dihydrochloride, 6-OHDA hydro-
bromide and 5,7-DHT creatinine sulfate were purchased from
Sigma (St. Louis, MO). Fluvoxamine maleate was gener-
ously provided by Pharmacia and Upjohn (Kalamazoo, MI),
nomifensine maleate was a gift from Hoechst-Roussel Phar-
maceuticals (North Somerville, NJ), sertraline hydrochloride
was provided by Pfizer Inc. (Groton, CT) and mazindol from
the Sandoz Institute (East Hanover, NJ).

3. Results

3.1. Kinetic parameters for 5-HT clearance in different
brain regions
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o eight rats.
KT values were corrected for volume fraction (α). In the

entate gyrus and CA3 region of the hippocampus this v
as been calculated to range between 0.18 and 0.22. Th
me fraction for the DRN has not been previously repor
oweverα appears to be relatively homogenous throug
rain (seeNicholson and Sykov́a, 1998). For these studies,α
as taken to be 0.20 in all regions.
In addition, the effect of uptake inhibitors onT20–60 (the

ime, in seconds, for the signal to decline from 20% to 6
f the maximal amplitude) andT80 (the time for the signa

o decline by 80% of the maximal amplitude) values w
nalyzed. We have previously found that SSRIs produc
ust effects on theT80 time course parameter (e.g.Daws
t al., 1997, 1998, 2000; Montãnez et al., 2002, 2003a,b).
owever, Nafion coating has a tendency to make electr

adsorptive”. TheT80 parameter may therefore be affec
y the presence of 5-HT and other hydroxyindoles that

orm an insulating film on the electrode after electro ox
ion (Jackson et al., 1995). For this reason theT20–60 time
ourse parameter was also evaluated. This parameter o
arlier, in the relatively linear declining phase of the elec
hemical signal produced by 5-HT and thus is less like
e affected by adsorption of 5-HT.

Amplitude and time course data were analyzed
aired, two-tailedt-tests (pre- versus post-application
rug). The percentage change from pre-drug value for
arameters was analyzed by Mann–WhitneyU-tests. One
ay analysis of variance (ANOVA) with Bonferroni post-h
omparisons were used to test for significant differenc
or KT between brain regions or treatment groups (s
s

To determine if clearance of 5-HT is dependent on brai
ion, we studied clearance of exogenously applied 5-HT
xtracellular fluid in the DRN, dentate gyrus, CA3 reg
f the hippocampus and the corpus callosum. These re
ere chosen in order to compare a 5-HTT rich area (DRN

hose with significantly lower 5-HTT density (dentate gy
nd CA3 regions in the hippocampus) or an area with es

ially no 5-HTT (corpus callosum). The relative density
3H]-cyanoimipramine binding to 5-HTTs in these brain
ions is summarized inFig. 2. The density of 5-HTTs in th
RN is approximately 4.5-, 9- and 52-fold greater than in
A3 region of hippocampus, dentate gyrus and corpus c
um, respectively. The density of 5-HTTs in the CA3 reg
f hippocampus is approximately 2- and 11.5-fold gre

han in the dentate gyrus and corpus callosum, respect
n the dentate gyrus the density of 5-HTTs is approxima
ix-fold greater than in the corpus callosum.

ig. 2. Specific binding of [3H]-cyanoimipramine (CN-IMI) to 5-HTTs i
he dorsal raphe nucleus (DRN), dentate gyrus (DG), CA3 region o
ocampus and corpus callosum (CC).�P< 0.001 one-way ANOVA with
onferroni post-hoc comparisons, from all other brain regions.
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Fig. 3. Velocity of 5-HT clearance in the DRN, dentate gyrus (DG), CA3
region of hippocampus and corpus callosum (CC) as a function of increasing
extracellular concentration of 5-HT. Values represent mean± S.E.M. from
four to eight rats per point. Curves represent fits of a four-parameter logistic
equation to the data. This equation fits a sigmoid function with variable
slope. The minimum value was constrained at zero.Vmax andKT values
were determined from this equation and are summarized inTable 1.

Shown inFig. 3are theVvalues for 5-HT clearance plotted
against signal amplitude.VmaxandKT values were derived by
fitting the data to a four-parameter logistic equation (sigmoid
curve with variable slope and minimum constrained to zero).
Vmax andKT values are summarized inTable 1. The velocity
for 5-HT clearance appeared to be saturable in all brain re-
gions withVmax values being greatest in the DRN > dentate
gyrus > CA3 > corpus callosum (seeFig. 3andTable 1). The
Vmax values for each brain region were significantly different
from each other. Representative 5-HT signals are shown in
Fig. 4.KT values for 5-HT clearance were similar in the DRN

Table 1
Summary ofVmax andKT values for 5-HT clearance in DRN, dentate gyrus
(DG), CA3 region of hippocampus and corpus callosum (CC) of intact rats

Brain region Vmax (nM/s) KT (�M) KT (�M), corrected
for α (=0.2)

DRN 368± 6** 2.74± 0.10 0.54± 0.02
DG 266± 4** 4.86± 0.10* 0.97± 0.02*

CA3 198± 4** 2.93± 0.11 0.58± 0.02
CC 64± 2** 3.55± 0.16* 0.71± 0.03*

Vmax andKT values were determined by fitting the data shown in Fig. 3 to a
four-parameter logistic equation.

∗ P< 0.01 one-way ANOVA with Bonferroni post-hoc comparisons, from
all other brain regions.
∗∗ P< 0.001 one-way ANOVA with Bonferroni post-hoc comparisons, from

all other brain regions.

Fig. 5. Maximal velocity for serotonin clearance as a function of [3H]-
cyanoimipramine (CN-IMI) binding.Vmax values are those determined from
fitting the data in Fig. 3 to a four-parameter logistic equation. Regression
analysis of data derived from DRN, CA3 region of hippocampus and cor-
pus callosum (CC) revealed a strong positive correlation betweenVmax and
5-HTT density (solid line,r2 = 0.9268). Inclusion of the dentate gyrus (DG)
yielded a markedly weaker correlation (r2 = 0.6518).

and CA3 region of the hippocampus, but significantly greater
in the dentate gyrus and corpus callosum (seeTable 1).

As highlighted inFig. 5, linear regression analysis of [3H]-
cyanoimipramine binding to the 5-HTT andVmax values for
5-HT clearance in the DRN, CA3 region of hippocampus
and corpus callosum yielded a strong, positive correlation
(r2 = 0.9268). Thus,Vmax for 5-HT clearance increases with

Fig. 4. Representative oxidation currents for 5-HT pressure-ejected into four different brain regions to attain maximal velocity for 5-HT clearance. The oxidation
currents are converted into micromolar units using a calibration factor determined in vitro. The velocity of 5-HT clearance for each signal is representative of
t 109 nM/s for the DRN, dentate gyrus (DG), CA3 region of hippocampus and corpus
c

heVmax value for each brain region. TheV values are 465, 239, 159 and
allosum (CC), respectively.
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Table 2
Specific binding for [3H]-cyanoimipramine to the 5-HTT and [3H]-nisoxetine to the NET in the CA3 region of hippocampus, dentate gyrus (DG) and corpus
callosum (CC) of rats treated with either 5,7-DHT or 6-OHDA or vehicle (sham)

Brain region [3H]-cyanoimipramine (fmol/mg pr) [3H]-nisoxetine (fmol/mg pr)

Sham 5,7-DHT 6-OHDA Sham 5,7-DHT 6-OHDA

CA3 668± 14 36± 5 622± 19 428± 14 379± 28 41± 7
DG 381± 19 35± 5 362± 25 650± 17 618± 21 58± 18
CC 108± 5 31± 3 96± 10 68± 4 56± 8 19± 3

increasing 5-HTT density. However, when data for the dentate
gyrus were included in the regression analysis the correlation
coefficient was markedly reduced (r2 = 0.6518).

It is important to emphasize that calibration curves for 5-
HT constructed in vitro, remained linear with increasing con-
centrations of 5-HT to as high as 12�M (r2 ≥ 0.90). Because
of this, it is unlikely that the curvilinear nature of the clear-
ance profiles is due to reduced sensitivity of the electrode.
It is also important to note that electrodes were exposed to
high concentrations of 5-HT for a maximum of three times
in order to minimize loss of electrode sensitivity due to ad-
sorption of electrogenerated products at the electrode surface
(Jackson et al., 1995). We found that by minimizing expo-
sure of the electrode to high 5-HT concentrations and by
randomizing the order in which concentrations of 5-HT were
applied, the sensitivity of the electrode did not diminish ap-
preciably over the course of a given experiment. In the event
where an electrode clearly had become less sensitive to 5-
HT, the electrode/micropipette assembly was removed, the
electrode discarded and a new electrode was attached to the
micropipette before recordings were continued.

3.2. Effects of neurotoxic lesion on 5-HT clearance
parameters in the CA3 region of the hippocampus,
dentate gyrus and corpus callosum
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Studies were also carried out in the corpus callosum. In
control animals total binding was very low. Because of this,
non-specific binding, which did not differ from that obtained
in other brain regions, comprised approximately one third
of the total binding (e.g. total [3H]-cyanoimipramine bind-
ing 170 fmol/mg pr versus non-specific binding 63 fmol/mg
pr; total [3H]-nisoxetine binding 103 fmol/mg pr versus non-
specific binding 35 fmol/mg pr). Treatment with 5,7-DHT
or 6-OHDA reduced binding of [3H]-cyanoimipramine and
[3H]-nisoxetine, respectively, to levels comparable with that
observed in the CA3 region of hippocampus and dentate
gyrus (seeTable 2). However, because of the low baseline
binding, these treatments constituted only a 70% reduction
in [3H]-cyanoimipramine and [3H]-nisoxetine binding sites,
respectively. It should be noted that efforts were made to carry
out comparable studies in the DRN, however, it was not possi-
ble to obtain greater than 70% loss of [3H]-cyanoimipramine
binding sites in the DRN via intracerebroventricular adminis-
tration of 5,7-DHT. For this reason, the DRN was not included
in this aspect of the study.

Shown inFig. 6is the consequence of treatment with 5,7-
DHT or 6-OHDA on 5-HT clearance in the CA3 region of
hippocampus, dentate gyrus and corpus callosum.Vmax and
KT values for each of these groups are summarized inTable 3.
In the CA3 region the most notable change in the 5-HT clear-
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We previously have shown that the NET is able to c
-HT from extracellular fluid in the dentate gyrus (Daws
t al., 1998). These data, together with earlier reports
-HT can be taken up by at least two transport proce
high affinity-low capacity process into serotonergic n

ons and the other, a low affinity–high capacity process
urring in catecholaminergic neurons (Lichtensteiger et al
967; Shaskan and Snyder, 1970), prompted us to dete
ine the relative involvement of the 5-HTT and the N

n defining the differences inVmax and KT values for 5
T clearance between the CA3 region of the hippocam
nd dentate gyrus. To this end rats were treated wit

her 5,7-DHT or 6-OHDA. These treatments resulted
reater than 90% reduction in [3H]-cyanoimipramine bind

ng to the 5-HTT and [3H]-nisoxetine binding to the NET
espectively (seeTable 2). Treatment with 5,7-DHT did no
lter [3H]-nisoxetine binding and likewise, 6-OHDA tre
ent did not alter [3H]-cyanoimipramine binding in eithe

egion (Table 2). Non-specific binding represented less t
0% of the total binding.
nce profile occurred in 5,7-DHT-treated rats (Fig. 6, left
anel). Although statistical analyses did not reveal any
ificant effect of treatment on eitherVmax or KT values, the
urve in 5,7-DHT treated rats was clearly shifted to the r
f that for either sham or 6-OHDA-treated rats. The lac
tatistical significance may be attributed to the large e
ssociated with theKT value derived from fitting the curv

o a four-parameter logistic equation (seeTable 3). Two-way
NOVA (treatment× signal amplitude) revealed significa
ffects of both treatment (P< 0.0034) and signal amplitud
P< 0.0001) on the velocity of 5-HT clearance. Bonferro
ost-hoc tests showed this to be due to significantly lowe

ocities for 5-HT clearance at intermediate signal amplitu
n 5,7-DHT treated rats (seeFig. 6, left panel). Consisten
ith no significant difference inVmax values between sha
nd 5,7-DHT-treated rats, the velocity of 5-HT clearance
ot different between treatment groups at the highest s
mplitude tested (ca. 11�M) (Fig. 6, left panel).

In the dentate gyrus a different pattern emerged (seeFig. 6,
iddle panel). Here both 5,7-DHT and 6-OHDA treatme

esulted in a significant reduction in theVmax for 5-HT clear-
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Fig. 6. Velocity of 5-HT clearance in the CA3 region of hippocampus, dentate gyrus (DG) and corpus callosum (CC) of rats treated with 5,7-DHT or 6-OHDA
as a function of increasing extracellular concentration of 5-HT. Values represent mean± S.E.M. from four to eight rats per point. Curves represent fits of a
four-parameter logistic equation to the data. This equation fits a sigmoid function with variable slope. The minimum value was constrained at zero.Vmax and
KT values were determined from this equation and are summarized inTable 3.

ance compared to control rats. Moreover, 6-OHDA treatment
produced a greater reduction inVmax for 5-HT clearance
than treatment with 5,7-DHT (seeFig. 6, middle panel and
Table 3). Treatment with 5,7-DHT did not alter theKT value.
However, treatment with 6-OHDA significantly decreased the
KT value relative to control and 5,7-DHT-treated rats. Notably
theKT value in the dentate gyrus of 6-OHDA-treated rats did
not differ from that for the CA3 region of hippocampus of
sham-treated rats.

There was no significant effect of either 5,7-DHT or 6-
OHDA lesion onVmax or KT values for 5-HT clearance in
the corpus callosum (Fig. 6, panel 3;Table 3).

3.3. Effect of uptake inhibitors on 5-HT clearance in the
dentate gyrus and CA3 region of the hippocampus

To further explore the role of the 5-HTT and NET in re-
moving 5-HT from the extracellular fluid in dentate gyrus
and CA3 region of the hippocampus, the effect of fluvox-

amine and DMI on 5-HT clearance was investigated when
the 5-HT signal amplitude was∼0.5 or∼4.0�M. These sig-
nal amplitudes were selected to reflectKT values for a high
affinity, low capacity uptake mechanism (i.e. the 5-HTT) and
a low affinity but high capacity uptake mechanism (i.e. the
NET), respectively (Shaskan and Snyder, 1970and present
data). We hypothesized that the relative ratio of 5-HTTs to
NETs in a given brain region would dictate the effective-
ness of each uptake inhibitor to prolong the time course
for 5-HT clearance. Thus, in a brain region where the ra-
tio of 5-HTTs to NETs is 1:2, such as the dentate gyrus,
both fluvoxamine and DMI would be effective inhibitors of
5-HT clearance regardless of 5-HT concentration. However,
in brain regions such as the CA3 region of the hippocampus
where the ratio of 5-HTTs to NETs is reversed, fluvoxamine
would inhibit clearance of 5-HT when its extracellular con-
centrations were∼0.5 or∼4.0�M, but DMI would be ef-
fective only when extracellular 5-HT concentrations are high
(∼4.0�M).

Table 3
Summary ofVmax andKT values for 5-HT clearance in the CA3 region of hippocampus, dentate gyrus and corpus callosum of rats treated with 5,7-DHT or
6-OHDA

Treatment CA3 Dentate gyrus Corpus callosum

Vmax (nM/s)
Sham 201± 15 247± 16 70± 6

19
12

K
5 ]
5 ]
3 ]

V four-p

i post-h
5,7-DHT 263± 11
6-OHDA 209± 23

T (�M) [corrected forα = 0.20]
Sham 4.02± 0.50 [0.80±0.10]
5,7-DHT 8.97± 3.00 [1.79±0.60]
6-OHDA 5.58± 0.61 [1.16±0.12]

max andKT values were determined by fitting the data shown inFig. 6to a
∗ P< 0.01.

∗∗ P< 0.001 from sham.
+ P< 0.001 from 5,7-DHT counterpart.
# P< 0.05 from 5,7-DHT counterpart.
§ P< 0.05 from other brain regions; one-way ANOVA with Bonferron
4± 5* 69± 9
4± 4** ,+ 78± 12

.27± 0.43§ [1.05± 0.09] 3.94± 0.59 [0.68±0.12

.04± 0.20 [1.01±0.04] 4.50± 0.95 [0.90±0.19

.65± 0.19* ,# [0.70± 0.04]* ,# 5.33± 0.97 [1.07±0.19

arameter logistic equation.

oc comparisons.
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Table 4
Summary of baseline signal parameters for experiments assessing the effect
of serotonin and norepinephrine uptake inhibitors on serotonin clearance as
a function of extracellular fluid concentration of 5-HT

Amplitude (�M) T20–60(s) T80 (s)

“Low” (range 0.17–0.79�M)
CA3 (n = 12) 0.47± 0.07 53± 7 125± 18
Dentate gyrus (n = 11) 0.57± 0.04 53± 10 83± 12

“High” (range 2.00–8.67�M)
CA3 (n = 12) 4.50± 0.60 50± 7 131± 18
Dentate gyrus (n = 9) 3.21± 0.57 40± 6 106± 16

No significant differences between pairs of data,t-test for independent sam-
ples.

The pre-drug values for signal amplitude,T20–60andT80
time course parameters for groups representing the “low” and
“high” extracellular concentration of 5-HT are summarized
in Table 4. As shown inFig. 7, and consistent with earlier
studies (Daws et al., 1997, 1998; Montañez et al., 2002),
when the signal amplitude for 5-HT was less than 1�M (i.e.
extracellular fluid concentrations of 5-HT less than 1�M) flu-
voxamine prolonged theT80 time course parameter in both
the CA3 region of hippocampus and dentate gyrus. Although
not significant, there was a trend for this effect to be greater in
the dentate gyrus than in the CA3 region. By contrast, at sim-
ilar signal amplitudes, the norepinephrine uptake inhibitor,
DMI, prolonged theT80 time course parameter in the dentate
gyrus but not in the CA3 region of hippocampus.

When 5-HT signal amplitudes were much greater (range
from 2.00 to 8.67�M) fluvoxamine no longer exerted any
significant effect onT80 in the CA3 region and had a dimin-
ished (although still significant) ability to prolongT80 in the
dentate gyrus (seeFig. 7). In the dentate gyrus, the ability of
DMI to prolong T80 was preserved when 5-HT signal am-
plitudes were greater than 2.0�M. However, whereas DMI
had no effect onT80 in the CA3 region at low 5-HT signal
amplitudes, at these higher signal amplitudes DMI now sig-
nificantly prolonged theT80 time course parameter for 5-HT
clearance.

Table 5
Summary of the effect of fluvoxamine (46± 6 pmol) and DMI (49± 3 pmol)
on theT20–60time course parameter as a function of 5-HT signal amplitude
in the CA3 region of hippocampus and dentate gyrus

5-HT signal amplitude CA3 Dentate gyrus
<1.0�M >2.0 �M <1.0 �M >2.0 �M

Fluvoxamine
Pre- 57± 11 49± 10 41± 12 40± 8
Post- 85± 21* 53± 8 72± 20* 49± 10

DMI
Pre- 42± 6 55± 12 68± 15 39± 7
Post- 44± 6 73± 14* 70± 14 69± 14*

Pairedt-test, pre- vs. post-drugT20–60values;n= 4–6 per group.
∗ P< 0.05.

These results analyzed as a function of theT20–60 time
course parameter are summarized inTable 5and in general
reflect the results observed for the T80 time course parameter.
In the CA3 regionT20–60was significantly prolonged by flu-
voxamine when the 5-HT signal amplitude was low but not
when it exceeded 2�M, whereas the opposite was found for
DMI. That is, at high, but not low signal amplitudes, DMI
significantly extended theT20–60time course parameter. The
same pattern emerged in the dentate gyrus. Thus, because
fluvoxamine and DMI significantly prolonged theT80 time
course parameter in the dentate gyrus regardless of 5-HT sig-
nal amplitude, it appears that at least in this brain region the
T80 time course parameter is more robustly affected by these
drugs. The overriding generality from these data however,
is that the ability of DMI to inhibit 5-HT clearance is most
profound when extracellular 5-HT was high, whereas fluvox-
amine produced greatest inhibition of 5-HT clearance when
extracellular 5-HT was low.

In the majority of instances neither fluvoxamine nor DMI
significantly altered signal amplitude. However, in the CA3
region under high signal amplitude conditions, a small but
significant decrease in signal amplitude occurred following
both fluvoxamine and DMI (data not shown). As we have
previously reported (Daws et al., 1998), vehicle (phosphate-
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ig. 7. Summary of the effect of fluvoxamine (46± 6 pmol) and DMI (49±
he CA3 region of hippocampus and dentate gyrus (DG). Serotonin was
r 4.0�M (range 2.00–8.67�M). Once a reproducible baseline 5-HT sig
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) on theT80 time course parameter as a function of 5-HT signal amplitu
red so as to yield signal amplitudes of approximately 0.5�M (range 0.17–0.79�M)
obtained, drug was pressure-ejected followed 2 min later by another

ine. Number of rats per group is shown in parentheses.�P< 0.05 Mann–Whitne
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buffered saline or water) had no significant effects on 5-HT
signal parameters (data not shown).

4. Discussion

Three major findings resulted from this study. First, that
kinetics of 5-HT clearance in vivo is distinct with respect to
brain region. Second that the 5-HTT as well as the NET con-
tribute to 5-HT clearance concordant with the relative density
of each transporter within a region. Third, that the ability of
an SSRI or norepinephrine reuptake inhibitor to inhibit 5-HT
clearance is dependent both on brain region and on extra-
cellular levels of 5-HT. The data presented here support the
idea that factors governing 5-HT clearance in vivo are in
a state of dynamic flux, continually responding to changes
in the extracellular milieu in order to maintain homeostasis
of serotonergic neurotransmission. Moreover, these experi-
ments demonstrate the utility of high-speed chronoamperom-
etry for measuring clearance of exogenously applied 5-HT in
vivo and for determining factors that govern its clearance.

Consistent with our earlier reports (Daws et al., 1997;
Montãnez et al., 2002) as well as those of others who have
used synaptosomal or brain slice preparations (Bunin and
Wightman, 1998; Bunin et al., 1998; Shaskan and Snyder,
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catecholaminergic neurons.Shaskan and Snyder (1970)de-
scribed transport of 5-HT by high and low affinity processes.
The high affinity process, termed uptake-1, was found to be
localized on serotonergic neurons, whereas the low affinity
process, termed uptake-2, reflected uptake into catecholamin-
ergic neurons. For 5-HT they reported aKm value for uptake-1
of 0.1–0.2�M andVmax values of 1.2 and 0.7�mol/min/g in
the striatum and hypothalamus, respectively. Uptake-2 had a
Km value of∼8�M but a much greater capacity to transport
5-HT than uptake-1, withVmax values being 12- to 15-fold
greater than the corresponding values for uptake-1. TheKT
values derived in vivo in the present study are remarkably
similar. Although at first glance theKT values correspond-
ing to uptake-1 appear greater (e.g. ranging from∼2.5 to
4.0�M), this is likely a consequence of the prominent role
diffusion plays in determining the rate of clearance of 5-HT
away from the recording electrode (Near et al., 1988). When
KT is corrected for volume fraction (α) (Nicholson, 1995;
Rice and Nicholson, 1991) the values derived in vivo (e.g.
∼0.5�M) are consistent with those determined using an
in vitro approach (0.01–0.5 (M) (Codd and Walker, 1987;
Masson et al., 1999; Shaskan and Snyder, 1970). Similarly,
theKT values derived for 5-HT uptake by the NET are con-
sistent with those determined using in vitro approaches (e.g.
Kuhar et al., 1972; Shaskan and Snyder, 1970). The higher
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ow binding of [3H]-cyanoimipramine to the 5-HTT occu
nterestingly however, theVmax values for 5-HT clearanc
id not correspond precisely as would be predicted bas
-HTT density alone. For example, 5-HTT density is app

mately 4.5-fold greater in the DRN than in the CA3 reg
f hippocampus, and yet theVmax for 5-HT clearance wa
nly two-fold greater. This apparent disparity supports
otion that multiple factors govern 5-HT clearance wit
given brain region. Another notable caveat to the rela

hip between 5-HTT density andVmaxoccurred in the denta
yrus. The dentate gyrus has a significantly lower dens
-HTTs (approximately two-fold less) than in the CA3 reg
f hippocampus however,Vmax for 5-HT clearance was si
ificantly greater in the dentate gyrus than in the CA3 re
f hippocampus. Moreover, theKT value for 5-HT clearanc
as greater in the dentate gyrus than in either the CA3 re
f hippocampus or DRN. These data suggested to us th
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n the dentate gyrus and subsequently became the foc
his study.

We have previously demonstrated that the NET can
ribute to clearance of 5-HT in the dentate gyrus (Daws e
l., 1998), a finding consistent with earlier observations s
esting that 5-HT can be taken up by at least two tran
rocesses (Lichtensteiger et al., 1967; Shaskan and Sny
970), one residing on serotonergic neurons and the oth
T andVmax values derived in the dentate gyrus suggest
learance in this region is mediated by at least two proc
s defined byShaskan and Snyder (1970), where the 5-HTT
epresents uptake-1 and the NET represent uptake-2.

To investigate the contribution of the NET in determin
heVmax for 5-HT clearance, we determinedVmax andKT
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HT or 6-OHDA. These treatments resulted in a greater
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al regions. In the dentate gyrus both treatments result
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ver, the magnitude of this reduction was markedly grea
-OHDA-treated rats (approximately 50% decrease inVmax
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This interpretation is supported further by our findi
n the CA3 region of hippocampus. Here neither 6-OH
or 5,7-DHT treatments altered theVmax for 5-HT clearance
owever, there was a trend forKT values to be increase

elative to sham-treated rats. This increase inKT value (i.e
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ent on the statistical significance of the apparent increa
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KT values, it is clear from visual inspection of the curves in
Fig. 6, left panel, that 5,7-DHT treatment resulted in a shift to
the right of the concentration response curve and a relatively
poor fit of the data to a four-parameter logistic equation. Con-
sequently the error associated with the derivedKT value is
large. Nonetheless, the increasedKT value together with the
finding thatVmax values were not altered in 5,7-DHT-treated
rats suggests that the NET also contributes to 5-HT clearance
in the CA3 region of hippocampus. Notably it appears that the
NET contributes most prominently when extracellular fluid
levels of 5-HT are high.

These data are in agreement with our earlier work demon-
strating that in the CA3 region of hippocampus clearance of
5-HT is prolonged in rats treated with 5,7-DHT (Daws et al.,
1998; Montãnez et al., 2003b). However, in these initial stud-
ies 5-HT was never applied in amounts sufficient to obtain
Vmax and so a role for the NET in mediating 5-HT clearance
was not revealed. According to these original data it was con-
cluded that the 5-HTT is the primary mechanism governing
5-HT clearance in the CA3 region of hippocampus. Given
this, deficits in 5-HT clearance as a consequence of 5,7-DHT
treatment would be predicted to become even more appar-
ent as extracellular fluid concentrations of 5-HT increase.
The present data show that this does not occur. Instead, it
appears that when 5-HT concentrations become sufficiently
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These ideas are further supported by our studies investi-
gating the ability of antagonists of the 5-HTT and NET to
inhibit 5-HT clearance when the peak amplitudes of the elec-
trochemical signal produced by local application of 5-HT into
these hippocampal regions were less than 1�M (“low”) or
greater than 2�M (“high”). Consistent with our earlier stud-
ies, DMI did not inhibit 5-HT clearance in the CA3 region
of hippocampus when extracellular fluid concentrations of 5-
HT were “low”. However, when 5-HT concentrations were
high, 5-HT clearance was significantly inhibited by DMI. In
the dentate gyrus, DMI generally inhibited 5-HT clearance
regardless of 5-HT concentration. It is also noteworthy that
in the CA3 region, fluvoxamine failed to inhibit 5-HT when
extracellular fluid 5-HT levels were high. These data are per-
haps best explained in terms of the relative ratio of 5-HTTs
and NETs in these hippocampal structures and the capacity
of each to transport 5-HT (seeFig. 8). In the CA3 region the
density of 5-HTTs is approximately two-fold greater than
the density of NETs. Under conditions of high extracellular

F ylin-
ders) and NETs (shaded cylinders) in mediating serotonergic neurotrans-
mission in dentate gyrus (DG) and CA3 region of hippocampus. In the CA3
region of hippocampus the greater relative density of 5-HTTs compared to
NETs precludes the NET from playing a significant role in clearance of 5-
HT from extracellular fluid (top left panel). However, when the 5-HTT is
inactivated by administration of an SSRI, the concentration of extracellular
5-HT climbs and the NET becomes an active player in mediating clearance
of 5-HT (bottom left panel). By contrast, in the dentate gyrus the greater
relative density of NETs compared to 5-HTTs makes regulation of extra-
cellular levels of 5-HT in this region under greater control by the NET (top
right panel). The involvement of the NET in regulating clearance of 5-HT in
the dentate gyrus becomes even more apparent in the presence of an SSRI
(bottom right panel).
igh, other active transport mechanisms come into pla
aintainVmax at “normal” rates. The data presented here

onsistent with that transport mechanism being the NET
Of fundamental importance is whether uptake

atecholaminergic neurons has either physiological or p
acological importance. Although this cannot be

wered precisely, the most current estimate for syn
oncentrations of 5-HT is 6 mM (Bunin and Wightman
999), a value consistent with estimates for other trans

ers such as glutamate and dopamine (Clements, 1996; see
ragg and Rice, 2004). Given estimates that 5-HT can d

use >20�m away from the cleft such that concentrati
all to a micromolar to nanomolar range (Bunin and Wight

an, 1998, 1999; Clements, 1996; Cragg and Rice, 2)
he micromolar values required to reach an apparentVmax
or 5-HT clearance in the present study fit within the cur
ramework of our knowledge. In addition, our data also
onsistent with those of Bunin and coworkers, and sup
aracrine (or extrasynaptic) transmission as a mode for
eurotransmission. Such data are supported by ultrastru
tudies showing that the 5-HTT is located primarily extra
aptically (on axons and dendrites) and rarely synapti
Miner et al., 2000) and at a distance from potential target s
e.g. 5-HT2A receptor,Huang and Pickel, 2002). Similarly,
ET labeling is primarily confined to noradrenergic neuro
omata, axons and dendrites. Of particular relevance t
resent data is evidence that noradrenergic neurons ar
xtensively within the hippocampus (Schroeter et al., 2000).
hus, there are both anatomical and functional data sup

ng the involvement of multiple transport mechanisms
overn 5-HT neurotransmission.
ig. 8. Schematic representation of the contribution of 5-HTTs (open c
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5-HT, the NET is actively involved in the uptake of 5-HT. Flu-
voxamine, by its action at the 5-HTT, serves to maintain high
levels of 5-HT and thus its effect to inhibit 5-HT clearance is
masked by the high capacity of NETs to take up 5-HT. When
concentrations of 5-HT are low at the time fluvoxamine is
administered, 5-HT concentrations do not climb sufficiently
high for NETs to significantly influence uptake, at least un-
der the conditions used here, and so inhibition of clearance is
apparent. In the dentate gyrus the ratio of 5-HTTs to NETs is
approximately 1:2. Because NETs are more numerous in the
dentate gyrus, determination of extracellular fluid 5-HT con-
centration is more likely to be under their control. Consistent
with this idea, we found that DMI inhibited 5-HT clearance
regardless of whether 5-HT signals were “high” or “low”.
Fluvoxamine was also able to inhibit 5-HT clearance at both
“low” and “high” 5-HT signal amplitudes however, consis-
tent with the idea put forth above, the ability of fluvoxamine to
inhibit clearance was less robust when the extracellular fluid
concentration of 5-HT was “high” at the time drug was ad-
ministered. The model proposed here is typical of cooperative
binding interactions that occur in many biological systems
(e.g. binding of ligand to an oligomer). Specifically we pro-
pose that the data presented here are analogous to a model of
positive cooperativity, with the caveat that a conformational
change in the protein is not required. That is, the binding
o the
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clear divergence in serotonin clearance between heterozygote
mutants and wild-type mice did not occur until extracellular
fluid concentrations of 5-HT were around 2�M (Montãnez
et al., 2003a). In this same study we showed that the density
of NETs in the CA3 region of hippocampus was not different
between the three genotypes. Together with the genotype-
dependent differences inVmax values for 5-HT clearance it
appears that the NET does not compensate for the partial or
complete loss of 5-HTT in the genetically modified mice.
These data are discrepant with our present results in rats
treated with neurotoxin. This apparent discrepancy may be
reconciled by genetic versus pharmacologic means to reach
the same end (loss of transporters). Genetically modified mice
have been so since conception and undoubtedly undergo a va-
riety of developmental adaptations as a consequence. Treat-
ment with a neurotoxin represents an acute pharmacologic
insult. Although it is beyond the scope of this study to probe
the underlying basis(es) for these differences our data un-
derline potentially important differences between genetically
and pharmacologically defined transporter expression.

The density of 5-HTTs and NETs in the corpus callosum
is very low and reflected by low rates of 5-HT clearance. It is
difficult to comment on the functional significance of trans-
porters in this brain structure. Treatment with 5,7-DHT- or
6-OHDA-treatment did not significantly alter 5-HT clearance
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f one ligand (fluvoxamine) at site 1 (5-HTT) enhances
inding of a second ligand (5-HT) to site 2 (NET). This id

s illustrated inFig. 8. Indeed there is evidence that sim
ynamics occur between other transport systems. For e
le, 5-HT can also be taken up by the dopamine transp
Jackson and Wightman, 1995) and dopamine can be tak
p by the NET (Cass and Gerhardt, 1995).

It is important to note that only rats where a greater
0% loss of 5-HTT or NET was attained were included

he analysis. Great care was taken to ensure this criteri
ulfilled as previous studies from our laboratory have sh
hat 5-HT clearance parameters are not significantly al
hen loss of 5-HTT is less than 80% (Montãnez et al., 2003b).
hus, even when as few as 20% of 5-HTTs are spared;
al” rates of 5-HT clearance are maintained. These da
nalogous to those obtained when an irreversible antago
sed to block some percentage of receptors and the unbl
r “spare” receptors are sufficient to maintain normal ne

ransmission. Because loss of 5-HTT was greater than
n all cases, it is not likely that activity of “spared” 5-HT
ould account for these robust changes in kinetic param
r drug effects observed in the present study, howeve
ossibility cannot be excluded.

It is noteworthy to compare these data with our earlier fi
ngs in mice with a targeted disruption of the 5-HTT ge
ot surprisingly we found 5-HT clearance to be subs

ially slowed in the homozygote knockout, which expres
-HTT (Montãnez et al., 2003a). However, in heterozygo
utants, which express 50% fewer 5-HTTs than wild-t
ice, theVmax for serotonin clearance was intermediate

ween that for the wild-type and KO mice. Interestingly
arameters and so it could be argued that 5-HT clearan
his structure is mediated primarily by diffusion. This int
retation is supported by earlier studies showing a lac
ffect of fluvoxamine to inhibit 5-HT clearance in the c
us callosum (Daws et al., 1997). However, given that 5,7
HT- and 6-OHDA-treatment did not produce >70% los
-HTTs and NETs, respectively, it could also be argued

he remaining transporters could maintain normal rates
T clearance as we found in the CA3 region of hippocam

Montãnez et al., 2003b). A recent study byReyes-Haro e
l. (2003)reporting antidepressant-sensitive uptake of 5

n the corpus callosum provides support for the latter.
The data presented here raise important consideratio

he use of SSRIs and other therapeutics that are used to
ange of psychiatric disorders including depression, an
nd alcoholism. For example, individuals who do not resp
ell to SSRIs may already have high 5-HT tone and there

he effect of SSRIs to increase extracellular 5-HT furthe
ampened by activity of the NET. Alternatively, but not mu
lly exclusively, these individuals might have increased N

unction in brain regions important in mediating such p
hiatric illnesses. Combined with the growing body of e
ence documenting interactions between genetically de
xpression of the 5-HTT (e.g. 5-HTTLPR polymorphis
e.g. Collier et al., 1996; Smits et al., 2004), environmen
e.g.Caspi et al., 2003) and response to drug treatment (
ichhammer et al., 2003; Smits et al., 2004), the design of
iological system with built in functional redundancies m
volutionary sense in order to maintain homeostasis of
onergic neurotransmission. The data presented here c
emonstrate that the NET is capable of clearing 5-HT. H
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ever, it appears that this mechanism for 5-HT clearance is
effected when the extracellular concentration of 5-HT ex-
ceeds theKT of the 5-HTT for 5-HT and/or in brain regions
where the density of NETs exceeds that of the 5-HTT.
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