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Abstract

High-speed chronoamperometry was used to determine the kinetics of clearance of exogenously applied serotonin (5-HT) in the dorsal
raphe nucleus (DRN), dentate gyrus, CA3 region of the hippocampus or corpus callosum of anesthetized rats. MaximalWyglpéity (
5-HT clearance was greatest in the DRN > dentate gyrus > CA3 > corpus callosum. Apparent Eifyititkie serotonin transporter (5-HTT)
was similar in DRN and CA3 but greater in dentate gyrus and corpus callosum. A 90% loss of norepinephrine transporters (NET) produced
by 6-hydroxydopamine pretreatment, resulted in a two-fold reductidyinand a 30% decreaseli in the dentate gyrus, but no change in
kinetic parameters in the CA3 region. Pretreatment with 5,7-dihydroxytryptamine that resulted in a 90% reduction in 5-HTT density, modestly
reducedVmay in dentate gyrus but not in CA3. The same treatment had no effe€t amthe dentate gyrus but increasiéd two-fold in the
CAS3. Neurotoxin treatments had no effect on 5-HT clearance in the corpus callosum. In hippocampal regions of intact rats, local application
of the selective serotonin reuptake inhibitor, fluvoxamine, inhibited 5-HT clearance most robustly when the extracellular concentration of
5-HT was less than thkt value. By contrast, the NET antagonist, desipramine, significantly inhibited 5-HT clearance when extracellular
concentrations of 5-HT were greater than #gevalue. These data indicate that hippocampal uptake of 5-HT may be mediated by two
processes, 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). These
data 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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1. Introduction Unlike dopamine, the kinetics of 5-HT uptake in vivo have
not been well characterized. Bunin and co-workers, in an
Uptake of serotonin (5-HT) is the principle active mech- elegant series of experiments, used fast scan cyclic voltam-
anism for removal of 5-HT from extracellular fluid of brain. metry to evaluate 5-HT release and uptake in brain slices
Because 5-HT is important in regulating many complex be- containing the dorsal raphe nucleus (DRN) or substantia
haviors and physiological functions (e.g. thermoregulation, nigra Bunin and Wightman, 1999; Bunin et al., 1998
feeding, sleep and mood), understanding the kinetics of 5-HT These data produced seminal evidence for the existence of
clearance and factors that influence it has great significance volume or paracrine transmission as a mode of serotonergic
neurotransmission, at least in these brain regions.
* Corresponding author. Tel.: +1 210 567 0171; fax: +1 210 567 5381. Active uptake by the serotonintransporter (5-HTT) as well
E-mail addressdaws@uthscsa.edu (L.C. Daws). as diffusion contribute to clearance of 5-HT away from its re-
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lease site, but evidence indicates that other factors may alsadark cycle with food and water provided ad libitum. All an-
participate. For example, we have shown that in the dentateimal procedures were approved by the local institutional an-
gyrus the norepinephrine transporter (NET) is able to remove imal care and use committee and were in strict accordance
5-HT from extracellular fluid in vivoDaws et al., 1998 Ev- with the NIH Guide for the Care and Use of Laboratory Ani-
idence for 5-HT uptake by the NET and also the dopamine mals. All efforts were made to minimize both the number of
transporter has been provided by othetgackson and  animals used and stress or discomfort to the animals during
Wightman, 1995; Shaskan and Snyder, 1970; Zhou et al.,experimental procedures.
2002 suggesting that promiscuity among transporters for the
biogenic amines exists. 2.2. Electrochemical recordings

In this study, our aim was to determine the relationship
between 5-HTT density and the kinetics of 5-HT clearance  High-speed chronoamperometric recordings were made
as well as conditions under which transporter “promiscuity” using the FAST-12 system (Quanteon, Nicholasville, KY).
occurs in vivo. We used high-speed chronoamperometry to Oxidation potentials consisted of 100 ms pulses of +0.55V.
investigate clearance of exogenously applied 5-HT in four Each pulse was separated by a 900 ms interval during which
brain regions of anesthetized rats. This approach allows 5-the electrode potential was maintained at 0.0 V. Voltage at
HT clearance to be measured in the absence of any directhe active electrode was applied with respect to an Ag/AgCl
contributions from endogenously released 5-Bas et al., reference electrode positioned in the extracellular fluid of the
2000. The brainregions compared were the DRN (a cell body ipsilateral superficial cortex. Oxidation and reduction cur-
region that expresses the greatest density of 5-HTTs in brain)rents were digitized and averaged over the last 80 ms of each
(Hensler et al., 1994; Monfiez et al., 200R two terminal 100 ms voltage pulse.
field regions, the dentate gyrus and CA3 region of the hip-
pocampus (which express four- to nine-fold fewer 5-HTTs 2.2.1. Electrode preparation and in vitro calibration
than in DRN) Hensler et al., 1994; Monftez et al., 2002; Carbon fiber electrodes (active recording area.B80tip
Swanson et al., 198and the corpus callosum, a fiber tract diameterx 300um length, Quanteon, Nicholasville, KY)
with comparatively little 5-HTT expressio®{eskevichand  were coated 3-6 times with NafiBr{5% solution, Aldrich

Descarries, 1990; Suretal., 1996; Zhou et al., 2998r gen- Chemical Co, Milwaukee, WI), to prevent interference
eral hypothesis was that the maximal velocity§y) for 5-HT from anionic substances in extracellular fluldafvs et al.,

clearance and “apparent” transporter affiniyt) for 5-HT 1997; Gerhardt and Hoffman, 2001; Gerhardt et al., 1984
depend not only on the density of 5-HTTs but also on “non- Electrodes were dried at 20Q between each coat. Elec-
selective” uptake by catecholaminergic transporters. Becausdrodes were tested for sensitivity to the 5-HT metabolite, 5-
studies of transporter affinity and uptake capacity invitro (e.g. hydroxyindoleacetic acid (5-HIAA, 250M) and calibrated
Shaskan and Snyder, 19#6port the existence of two uptake  with 6 (0.5-3.0.M) or 12 (1.0-12.QuM) accumulating con-
processes for 5-HT, a high affinity—low capacity process, the centrations of 5-HT depending on the experiment. Only elec-
5-HTT, and a low affinity—high capacity process, presumably trodes displaying a selectivity ratio for 5-HT over 5-HIAA
catecholaminergic transporters, we hypothesized thatin braingreater than 500:1 and a linear responde=(0.90) to 5-HT
regions where the NET predominates (e.g. dentate gyrus), thewere used. The detection limit for the measurement of 5-HT
apparenKt value would be greater (i.e. lower affinity) than was defined as the concentration that produced a response
in regions where the 5-HTT predominates (e.g. CA3 region with a signal-to-noise ratio of 3 and in these experiments
of hippocampus and DRN) (sétensler et al., 1994; Tejani- averaged 43 8 nM (n=168).
Butt, 1993. We also hypothesized that the ability of selec- Electrodes were calibrated prior to use in vivo. Post-
tive uptake inhibitors of 5-HT and norepinephrine to inhibit calibrations were not carried out, as it is not known when
clearance of exogenously applied 5-HT would be dependentand by what function electrodes lose sensitivity. In fact, sen-
on the extracellular fluid concentration of 5-HT at the time sitivity can be lost when electrodes are removed from brain,
of their application. These studies extend our earlier work by due to adsorption of blood and proteins, if they are not care-
applying high-speed chronoamperometry to calculate kinetic fully handled. Because of this, start of experiment calibration
parameters\(max andKr) for 5-HT clearance in vivo. values were used as they can be easily calculated and loss of
electrode sensitivity can be easily determined during the ex-
periment. Loss of sensitivity was defined as a greater than

2. Materials and methods 15% decrease in signal amplitude for the same amount of
serotonin pressure-ejected at randomized intervals through-
2.1. Animals out the experiment. In the event of this occurring, the elec-

trode was replaced.
Male Sprague—Dawley rats (Harlan, Indianapolis, IN,
USA), weighing 280-380 g, were used for all experiments. 2.2.2. In vivo experimental protocols
They were housed in groups of three, or individually afterre-  As described iDaws et al. (1998j)ats were anesthetized
covering from surgery and maintained under a 12:12 h light by intraperitoneal (ip) injection of chloralose (85 mg/kg)
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and urethane (850 mg/kg). A tube was inserted into the >90% loss of $H]-cyanoimipramine binding to the 5-HTT
trachea to facilitate breathing and the rat was placed into aafter intracerebroventricular administration of 5,7-DHT.
stereotaxic frame. The electrode—micropipette assembly was
positioned in brain according to the following stereotaxic 2.2.4. Effect of serotonin and norepinephrine uptake
coordinates where all anterior—posterior (AP) measures inhibitors on 5-HT clearance in the CA3 region of the
are from bregma, medial-lateral (ML) measures are from hippocampus
midline and dorsal-ventral (DV) measures are from dura: Inthese experiments5-HT (2Q0M) was pressure-ejected
DRN (AP, —7.8; ML, +1.7; DV, —-5.2 to—5.6; at an angle  to yield signals that averaged 0.5 or 4.8I. For low signal
13 to the vertical plane), the dentate gyrus (AP3.8; amplitudes 3t 1 pmol (15+ 3 nl) of 5-HT was delivered and
ML, +1.6; DV, —3.0 to—3.2), the CA3 region of the dorsal  for high signal amplitudes 28 3 pmol (994 12 nl) 5-HT was
hippocampus (AR-4.1; ML, +3.3; DV,—2.7 to 3.0), or the  pressure-ejected. Once a reproducible signal was obtained
corpus callosum (AR-4.3; ML, +1.0; DV,—2.2) according (usually after 3—4 applications), vehicle or drug (fluvoxam-
to the atlas oPaxinos and Watson (198@®ody temperature  ine or DMI) was applied 2 min before the next application of
was maintained at 3¥ 1°C by a water circulated heating 5-HT in order to allow sufficient time for diffusion of drug to
pad (Seabrook, Cincinnati, OH). areas around the recording electrode. In addition, we find that
The electrochemical recording assembly consisted of the transient decrease in signal amplitude that is sometimes
a Nafion-coated, single carbon fiber electrode attachedobserved after DMI, presumably due to its transient adsorp-
to a 7-barrelled micropipette (Frederick Haer Corp. Inc. tion to the electrodeHoffman and Gerhardt, 1998can be
Bowdoinham, ME). The assembly was constructed using aavoided by delaying the post-drug application of 5-HT by
micropositioner such that the electrode and micropipette tips 2 min. These solutions were pressure-ejected over 10-20s to
were separated by 3@0n. The tip diameter of each barrel minimize disturbances to the baseline electrochemical sig-

of the multi-barrelled micropipette was between 10pb% nal. The volume of drug or vehicle ejected was 2—4 times the
Barrels were filled with either 5-HT (200M), the selective volume of 5-HT. Signals were allowed to return to baseline
serotonin reuptake inhibitor (SSRI) fluvoxamine (404), before administration of another drug or vehicle. The order

the norepinephrine uptake inhibitor desipramine (DMI, ofdrugadministration was randomized between experiments
400uM) or vehicle. All drugs were dissolved in 0.1 M to eliminate order effects.

phosphate-buffered saline with 1M ascorbic acid added

as an antioxidant with the exception of DMI, which was 2.3. Histology

dissolved in ultra pure water with 1QM ascorbic acid.

The pH of all solutions was adjusted to 7.3—7.4. At the conclusion of each in vivo electrochemical record-
ing experiment, an electrolytic lesion was made to mark the
2.2.3. Brain region dependency of 5-HT clearance placement of the electrode tip and the rat was decapitated

Inthese experiments 5-HT (2Q0M) was pressure-ejected  while still anesthetized. The brain was removed before being
(5-25 psi for 0.25-3s) into either the DRN, dentate gyrus, rapidly frozen on dry ice and stored aB80°C until use. At
CAS region of the hippocampus or the corpus callosum. The this time brains were thawed t615°C and cut into 2@wm
volume of 5-HT delivered (10-150 nl) was measured by de- sections for either histological verification of electrode lo-
termining the amount of fluid displaced from the micropipette calization and/or autoradiographic quantitation of 5-HTT or
using a dissection microscope fitted with an eyepiece reticule NET density. Only data from rats where the electrode tip
and was varied to yield signals ranging in amplitude from was confirmed to be in the desired target brain region were
0.25 to 12.QuM. This approach was adopted based on a included in the data analyses.
comprehensive study by Zahniser and colleagues (1999)
who reported no difference in clearance parameters when2.4. 5,7-DHT and 6-OHDA lesions
different pmol amounts of DA were achieved by keeping DA
concentration constant and varying volume ejected, versus Rats were intracerebroventricularly administered either
ejecting the same volume of different barrel concentrations of 5,7-DHT or 6-OHDA. Animals lesioned with 5,7-DHT were
DA. The sequence of 5-HT signals with different amplitudes given nomifensine (30 mg/kg, ip) 30 min before infusion
was randomized between each subject. From these datapf 5,7-DHT to prevent destruction of noradrenergic and
estimates of the maximal velocity of clearandg,gy) and dopaminergic neuronsGershanik et al., 1979 those le-
apparent affinity of the transporter for serotonix) could sioned with 6-OHDA were given sertraline (10 mg/kg, ip)
be calculated and compared between brain regions. These exand GBR12909 (30 mg/kg, ip) 30 min prior to 6-OHDA to
periments were also repeated inthe CA3 region, dentate gyrugprevent the destruction of serotonergic and dopaminergic
and corpus callosum of rats previously treated with either neurons, respectivelyMcCann et al., 1997; Nissbrant et
5,7-dihydroxytryptamine (5,7-DHT) or 6-hydroxydopamine al., 199). Animals were anesthetized with chloral hydrate
(6-OHDA) to destroy serotonergic and noradrenergic (400 mg/kg, ip) and placed into a stereotaxic frame. Neuro-
neurons, respectively. The DRN was not included in this toxin was delivered bilaterally into the lateral ventricles using
series of experiments as it was not possible to achieve aa 28-gauge stainless steel injector, connected to a microsy-
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ringe pump (stereotaxic coordinates: AB.8 from bregma; 4°C for 4 h. Non-specific binding was defined usinguld

ML 1.5 from midline; DV —3.7 from skull). Ten microliters ~ mazindol and was approximately 5% of total binding. After
of phosphate-buffered saline containing J@pof neurotoxin incubation, sections were washed three times for 5 min each
and 10QuM ascorbic acid was infused into each ventricle incold buffer, dippedinice-cold distilled water and then dried
at a rate of Jul/min. The total amount of 5,7-DHT or 6-  onaslide warmer at 60C. Sections and calibratetH] stan-
OHDA delivered was therefore 2. After completion of dards were exposed against Hyperfilt] for 5 weeks to

the intracerebroventricular infusion, the injector was left in generate autoradiograms. These were quantified as described
place for 5min to allow diffusion of neurotoxin from the above. The concentration GiHi]-nisoxetine used is approx-
injector. Control rats were subjected to the same procedureimately 4x its Kp value (Tejani-Butt, 1992 so the values
but were infused with vehicle containing 1AM ascorbic obtained approximate 80% Bf,ax values.

acid alone. The control rats also received pretreatment with

nomifensine (5,7-DHT sham) or sertraline and GBR 12909 3 g Data analyses

(6-OHDA sham) to mimic the pretreatment of the lesioned

groups. In vivo electrochemical recordings were performed  gpown inFig. 1 (upper panel) is a typical signal evoked

2-4 weeks after the lesioning procedure. The extent of lesionpy the exogenous application of 5-HT into the CA3 region of
was confirmed by quantitative autoradiography binding of the hippocampus. Shown is the oxidation current converted
[*H]-cyanoimipramine to the 5-HTT and offi]-nisoxetine g 4 micromolar value using the calibration factor derived in

binding to the NET. vitro. From this the velocity of clearanc¥)for 5-HT was
o ) calculated by fitting the descending portion of the signal to an
2.5. Quantitative autoradiography equation describing one-phase exponential decay. This type
o ] o of analysis has been used to determine kinetic parameters
2.5.1. _FH]-cyanmmlpramlne binding for DA clearance in the striatum of freely moving rats and
Brain sections (2Qm) were cut in a cryostat at15°C, is described in detail iBabeti et al. (2002)Fig. 1 (lower

thaw-mounted onto gelatin-coated slides and dehydratedpaney) illustrates the fit of the descending portion of the above
overnight at 0—-4C. Serotonin uptake sites were measured

using PH]-cyanoimipramine according to the method of
Kovachich et al. (1988)Brain sections were incubated with
1 nM [3H]-cyanoimipramine (80—-85 Ci/mmol: American Ra-
diolabelled Chemicals) in a buffer consisting of 50 mM Tris,
pH 7.4 and 120 mM NacCl at4C for 24 h. Non-specific bind-
ing was defined usingjpM sertraline and was approximately
5% of total binding. After incubation, sections were washed
in cold buffer for 60 min at 4C, dipped in cold distilled water
and then dried on a slide warmer at® Sections and cal- 5 35 so 75 100 135
ibrated PH] standards (American Radiolabelled Chemicals,

St. Louis, MO) were exposed against Hyperfila] (CEA Time (sec)

AB Sweden for Amersham) for 14 days to generate autoradio-
gram (or 7 days for DRN). Optical densities of brain images B-Hli
were converted to femtomoles per milligram protein using
NIH-IMAGE software, which compared optical densities to
images of $H] standards on the same film. Measurements
were taken from plates containing the DRN, CA3, dentate
gyrus or corpus callosum using the atlasRdxinos and
Watson (1986)The concentration oPH]-cyanoimipramine S B LY
used is approximately 8 its Kp value Kovachich et al., tiz

1988 so the values obtained approximate 89% Bpfax Time (sec)

values.

2.09

Amplitude (1L M)

Y =[5-HT],; . e™

% = 0.9949

Fig. 1. Fitof the descending portion of a 5-HT signal to an equation describ-
. . L ing one-phase exponential decay. Shown in the upper panel is the current,
2.5.2. _FH]'m_soxetme blndlng . converted to a micromolar value using a calibration factor determined in
Brain sections (2.m) were cut in a cryostat at15°C, vitro, produced by pressure-ejection of 5-HT into the CA3 region of the
thaw-mounted onto gelatin-coated slides and dehydratedhippocampus. The lower panel shows the fit of the descending portion of
overnight at 0-4C. Norepinephrine uptake sites were mea- this signal to an equation describing one-phase exponential decay, Where
sured using :’[H]-nisoxetine according to the method of is the concentration of 5-HT, [5-HY] is the initial maximal extracellular

L . . - . concentration of 5-HT, is the time, andk is the rate constant. The half-life
Tejani-Butt (1992')Bram sections were incubated with 3nM of decay is 0.693R/ Shown are the actual signal (open circles) and the line

[®H]-nisoxetine (86 Ci/mmol; Amersham) in a buffer consist- fitting the equation (solid line). From this equatidris derived. The product
ing of 50mM Tris, pH 7.4, 300 mM NaCl and 5mM KCl at  of k and the maximal amplitude of the signal giés



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

oxidation current to the following equation describing a one- versus 5,7-DHT versus 6-OHDA). Two-way ANOVA with
phase exponential decay: Bonferroni post-hoc comparisons were carried out to assess
_ the main effect of treatment and signal amplitude\VorA

Y = [5-HTloj & + [5-HTlo, two-tailed probability level oP < 0.05 was accepted as statis-

whereY is the concentration of 5-HTuM), [5-HT]o,; the tically significant for all tests. Data are expressed throughout

initial maximal extracellular concentration of 5-HT.¥), as mearnt standard error of the mean (S.E.M.).

[5-HTlot the extracellular concentration of 5-HTL¥) at

baseline and the rate constant {(2). The half-life of de- 2.7. Drugs

cay is 0.6932 Note that because the concentration of 5-HT

at baseline (i.e. [5-HT]i) equals zero (the value given to Serotonin hydrochloride, 5-HIAA, desipramine hy-

represent the baseline electrochemical signal prior to addi-drochloride, GBR 12909 dihydrochloride, 6-OHDA hydro-

tion of exogenous 5-HT), this component of the equation is bromide and 5,7-DHT creatinine sulfate were purchased from

redundant and subsequently not used in the analyses. Th&igma (St. Louis, MO). Fluvoxamine maleate was gener-

calculatedk value from this equation is then multiplied by ously provided by Pharmacia and Upjohn (Kalamazoo, Ml),

the amplitude of the signal to give the velocity of transport nomifensine maleate was a gift from Hoechst-Roussel Phar-

(V). These calculations are made for signals of increasing maceuticals (North Somerville, NJ), sertraline hydrochloride

amplitude until an appareMmay is reached. Data are orga- was provided by Pfizer Inc. (Groton, CT) and mazindol from

nized according to signals of increasing amplitudes and thenthe Sandoz Institute (East Hanover, NJ).

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 3. Results

four-parameter logistic equation (sigmoid function with vari-

able slope and minimum value constrained to zero) to a plot 3.1. Kinetic parameters for 5-HT clearance in different

of signal amplitude versug. Each point on the curves used brain regions

for kinetic analyses of 5-HT clearance was derived from four

to eight rats. To determine if clearance of 5-HT is dependenton brain re-
Kt values were corrected for volume fractiag).(In the gion, we studied clearance of exogenously applied 5-HT from

dentate gyrus and CA3 region of the hippocampus this value extracellular fluid in the DRN, dentate gyrus, CA3 region

has been calculated to range between 0.18 and 0.22. The volef the hippocampus and the corpus callosum. These regions

ume fraction for the DRN has not been previously reported; were chosen in order to compare a 5-HTT rich area (DRN) to

howevera appears to be relatively homogenous throughout those with significantly lower 5-HTT density (dentate gyrus

brain (seeNicholson and Sykaw, 1998. For these studies, and CA3 regions in the hippocampus) or an area with essen-

was taken to be 0.20 in all regions. tially no 5-HTT (corpus callosum). The relative density of
In addition, the effect of uptake inhibitors dng_go (the [3H]-cyanoimipramine binding to 5-HTTs in these brain re-

time, in seconds, for the signal to decline from 20% to 60% gions is summarized iRig. 2 The density of 5-HTTs in the

of the maximal amplitude) and@lgg (the time for the signal ~ DRN is approximately 4.5-, 9- and 52-fold greater than in the

to decline by 80% of the maximal amplitude) values were CA3 region of hippocampus, dentate gyrus and corpus callo-

analyzed. We have previously found that SSRIs produce ro-sum, respectively. The density of 5-HTTs in the CA3 region

bust effects on th@gg time course parameter (e.Baws of hippocampus is approximately 2- and 11.5-fold greater

et al., 1997, 1998, 200Montaiez et al., 2002, 20033,b than in the dentate gyrus and corpus callosum, respectively.

However, Nafion coating has a tendency to make electrodesin the dentate gyrus the density of 5-HTTs is approximately

“adsorptive”. TheTgo parameter may therefore be affected six-fold greater than in the corpus callosum.

by the presence of 5-HT and other hydroxyindoles that can

form an insulating film on the electrode after electro oxida- e 4000
tion (Jackson et al., 1995For this reason th&;g_go time 5 —T—
course parameter was also evaluated. This parameter occurs £ 5 30001
earlier, in the relatively linear declining phase of the electro- = _Ef
chemical signal produced by 5-HT and thus is less likely to 3 E 2001
be affected by adsorption of 5-HT. :_f = 1000 N
Amplitude and time course data were analyzed with ) ;‘;‘
paired, two-tailedt-tests (pre- versus post-application of 0 X

drug). The percentage change from pre-drug value for these DRN €A DG o

parameter; was anaIyZEd by Mam?_WhltM}yeSt.s' One- Fig. 2. Specific binding ofH]-cyanoimipramine (CN-IMI) to 5-HTTs in
way analySIS of variance (ANOVA) Wlt_h B_o_nferronl pOSt-hOC_ the dorsal raphe nucleus (DRN), dentate gyrus (DG), CA3 region of hip-
comparisons were used to test for significant differences in pocampus and corpus callosum (CEP<0.001 one-way ANOVA with

V or Kt between brain regions or treatment groups (sham Bonferroni 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 me&nE.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 z&gax and Ky values
were determined from this equation and are summarizddlite 1

Shown inFig. 3are theV/ values for 5-HT clearance plotted
against signal amplitud¥maxandKt values were derived by
fitting the data to a four-parameter logistic equation (sigmoid
curve with variable slope and minimum constrained to zero).
Vmax @andKy values are summarizedirable 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 (sE&g. 3andTable 1. The
VmaxVvalues 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
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Table 1
Summary oVmax andKy values for 5-HT clearance in DRN, dentate gyrus
(DG), CAS3 region of hippocampus and corpus callosum (CC) of intact rats

Brain region  Vmax (NM/s) Kt (M) Kt (wM), corrected
for « (=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" 3.554+0.16 0.714+0.03

Vmax andKy values were determined by fitting the data shown in Fig. 3to 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.

400+
DRN

= 3004 DG
3 )
= CA3
£ 200+ ]
<
=
£ 100

I .CC

3 L] L) L] L L)
0 1000 2000 3000 4000

[PH]CN-IMI (fmol/mgpr)

Fig. 5. Maximal velocity for serotonin clearance as a function ]
cyanoimipramine (CN-IMI) bindingVmax 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 betwWggpnand
5-HTT density (solid liney2 = 0.9268). Inclusion of the dentate gyrus (DG)
yielded a markedly weaker correlatior? € 0.6518).

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

As highlighted irFig. 5, linear regression analysis 6H]-
cyanoimipramine binding to the 5-HTT aihax values for
5-HT clearance in the DRN, CA3 region of hippocampus
and corpus callosum yielded a strong, positive correlation
(r2 =0.9268). ThusYmax for 5-HT clearance increases with

CA3 CC

Signal Amplitude (uM)
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0
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Fig. 4. Representative oxidation currents for 5-HT pressure-ejected into four different brain regions to attain maximal velocity for 5-H€ Cléerarilation
currents are converted into micromolar units using a calibration factor determined in vitro. The velocity of 5-HT clearance for each signehmtiepret

the Vmax value for each brain region. Thévalues are 465, 239, 159 and 109 nM/s for the DRN, dentate gyrus (DG), CA3 region of hippocampus and corpus

callosum (CC), respectively.
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Table 2
Specific binding for {H]-cyanoimipramine to the 5-HTT and#fi]-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 fH]-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
CcC 108+5 31+3 96+ 10 68+4 56+ 8 19+3

increasing 5-HTT density. However, when dataforthedentate  Studies were also carried out in the corpus callosum. In
gyrus were included in the regression analysis the correlationcontrol animals total binding was very low. Because of this,
coefficient was markedly reduced € 0.6518). non-specific binding, which did not differ from that obtained

It is important to emphasize that calibration curves for 5- in other brain regions, comprised approximately one third
HT constructed in vitro, remained linear with increasing con- of the total binding (e.g. totaPH]-cyanoimipramine bind-
centrations of 5-HT to as high as 8 (r? > 0.90). Because  ing 170 fmol/mg pr versus non-specific binding 63 fmol/mg
of this, it is unlikely that the curvilinear nature of the clear- pr; total PH]-nisoxetine binding 103 fmol/mg pr versus non-
ance profiles is due to reduced sensitivity of the electrode. specific binding 35fmol/mg pr). Treatment with 5,7-DHT
It is also important to note that electrodes were exposed toor 6-OHDA reduced binding offH]-cyanoimipramine and
high concentrations of 5-HT for a maximum of three times [3H]-nisoxetine, respectively, to levels comparable with that
in order to minimize loss of electrode sensitivity due to ad- observed in the CA3 region of hippocampus and dentate
sorption of electrogenerated products at the electrode surfacayyrus (seeTable 2. However, because of the low baseline
(Jackson et al., 1995We found that by minimizing expo-  binding, these treatments constituted only a 70% reduction
sure of the electrode to high 5-HT concentrations and by in [3H]-cyanoimipramine and®H]-nisoxetine binding sites,
randomizing the order in which concentrations of 5-HT were respectively. It should be noted that efforts were made to carry
applied, the sensitivity of the electrode did not diminish ap- outcomparable studiesinthe DRN, however, it was not possi-
preciably over the course of a given experiment. In the event ble to obtain greater than 70% loss &fl]-cyanoimipramine
where an electrode clearly had become less sensitive to 5-binding sites in the DRN via intracerebroventricular adminis-
HT, the electrode/micropipette assembly was removed, thetration of 5,7-DHT. For this reason, the DRN was notincluded
electrode discarded and a new electrode was attached to thén this aspect of the study.

micropipette before recordings were continued. Shown inFig. 6is the consequence of treatment with 5,7-
DHT or 6-OHDA on 5-HT clearance in the CAS3 region of
3.2. Effects of neurotoxic lesion on 5-HT clearance hippocampus, dentate gyrus and corpus callo3tax and
parameters in the CA3 region of the hippocampus, Kt values for each of these groups are summarizédilite 3
dentate gyrus and corpus callosum In the CA3 region the most notable change in the 5-HT clear-

ance profile occurred in 5,7-DHT-treated raEsg( 6, left

We previously have shown that the NET is able to clear panel). Although statistical analyses did not reveal any sig-
5-HT from extracellular fluid in the dentate gyruBgws nificant effect of treatment on eith®y,ax or Kt values, the
et al., 1998. These data, together with earlier reports that curve in 5,7-DHT treated rats was clearly shifted to the right
5-HT can be taken up by at least two transport processes,of that for either sham or 6-OHDA-treated rats. The lack of
a high affinity-low capacity process into serotonergic neu- statistical significance may be attributed to the large error
rons and the other, a low affinity—high capacity process, oc- associated with th&t value derived from fitting the curve
curring in catecholaminergic neuronisc¢htensteiger et al.,  to a four-parameter logistic equation (Sexble 3. Two-way
1967; Shaskan and Snyder, 197prompted us to deter- ANOVA (treatmentx signal amplitude) revealed significant
mine the relative involvement of the 5-HTT and the NET effects of both treatmen®(< 0.0034) and signal amplitude
in defining the differences iVmax and Ky values for 5- (P<0.0001) on the velocity of 5-HT clearance. Bonferroni’s
HT clearance between the CAS3 region of the hippocampus post-hoc tests showed this to be due to significantly lower ve-
and dentate gyrus. To this end rats were treated with ei- locities for 5-HT clearance at intermediate signal amplitudes
ther 5,7-DHT or 6-OHDA. These treatments resulted in a in 5,7-DHT treated rats (seféig. 6, left panel). Consistent
greater than 90% reduction iAH]-cyanoimipramine bind- with no significant difference iVmax values between sham
ing to the 5-HTT and3H]-nisoxetine binding to the NET,  and 5,7-DHT-treated rats, the velocity of 5-HT clearance was
respectively (se@able 3. Treatment with 5,7-DHT did not  not different between treatment groups at the highest signal
alter PH]-nisoxetine binding and likewise, 6-OHDA treat- amplitude tested (ca. 4iM) (Fig. 6, left panel).
ment did not alter §H]-cyanoimipramine binding in either In the dentate gyrus a different pattern emergediapes,
region (Table 3. Non-specific binding represented less than middle panel). Here both 5,7-DHT and 6-OHDA treatments
10% of the total binding. resulted in a significant reduction in tRgax 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 representin8&nM. 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 constrain¥g ataeto.

Kt values were determined from this equation and are summariZeabie 3

ance compared to control rats. Moreover, 6-OHDA treatment amine and DMI on 5-HT clearance was investigated when

produced a greater reduction Vax for 5-HT clearance
than treatment with 5,7-DHT (sddg. 6, middle panel and
Table 3. Treatment with 5,7-DHT did not alter thér value.
However, treatment with 6-OHDA significantly decreased the
K7 value relative to controland 5,7-DHT-treated rats. Notably
theKr 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 onVmpax or Kt values for 5-HT clearance in
the corpus callosunt{g. 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-

the 5-HT signal amplitude was0.5 or~4.0,M. These sig-

nal amplitudes were selected to refl&gt 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 $haskan and Snyder, 19@8ad 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 NETSs is reversed, fluvoxamine
would inhibit clearance of 5-HT when its extracellular con-
centrations were-0.5 or ~4.0puM, but DMI would be ef-
fective only when extracellular 5-HT concentrations are high
(~4.0pM).

Table 3
Summary ofVmax andKy 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
Vimax (NM/s)
Sham 20115 247+ 16 70+ 6
5,7-DHT 263+ 11 194+ 5 69+9
6-OHDA 209+ 23 124+ 47 * 78+12

Kt (M) [corrected fore = 0.20]

Sham 4.02+0.50 [0.80+0.10]
5,7-DHT 8.97+ 3.00 [1.79+0.60]
6-OHDA 5.5840.61 [1.16+0.12]

5.2% 0.43 [1.0540.09]
5.04: 0.20 [1.01+0.04]
3.6%:0.19 % [0.70+ 0.04] #

3.94+0.59 [0.68+0.12]
4.5@-0.95 [0.900.19]
5.33+0.97 [1.07+0.19]

Vmax andKr values were determined by fitting the data showRim 6to a four-parameter logistic equation.

* 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 Bonferroni post-hoc comparisons.
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Table 4

Table 5

Summary of baseline signal parameters for experiments assessing the effecsummary of the effect of fluvoxamine (466 pmol) and DMI (42+ 3 pmol)
of serotonin and norepinephrine uptake inhibitors on serotonin clearance ason theT,g_gotime course parameter as a function of 5-HT signal amplitude

a function of extracellular fluid concentration of 5-HT

in the CA3 region of hippocampus and dentate gyrus

Amplitude @M)  Tao_60(S)  Tso (S)
“Low” (range 0.17-0.7&M)

CA3(n=12) 0.47+0.07 53+7 125+ 18

Dentate gyrusn(= 11) 0.57+0.04 53+ 10 83+ 12
“High” (range 2.00-8.6.M)

CA3(n=12) 4.50+0.60 50+ 7 131+18

Dentate gyrusr(=9) 3.21+0.57 40+ 6 106+ 16

No significant differences between pairs of détigst for independent sam-

ples.

The pre-drug values for signal amplitudep_ggandTgg

5-HT signal amplitude  CA3 Dentate gyrus

<I.OpM >20pM <10pM >2.0pM
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 3947
Post- 44+ 6 73+14  70+14 69+ 14"

Pairedt-test, pre- vs. post-drutpo-_so values;n=4-6 per group.
* P<0.05.

time course parameters for groups representing the “low”and  These results analyzed as a function of Tag g time
“high” extracellular concentration of 5-HT are summarized course parameter are summarizedable 5and in general

in Table 4 As shown inFig. 7, and consistent with earlier

studies Daws et al., 1997, 1998; Moritaz et al., 2008
when the signal amplitude for 5-HT was less than\ (i.e.
extracellular fluid concentrations of 5-HT less thaoM) flu-

reflect the results observed for thgyTime course parameter.
In the CA3 regiorlg_gowas significantly prolonged by flu-
voxamine when the 5-HT signal amplitude was low but not
when it exceeded 2M, whereas the opposite was found for

voxamine prolonged th&gg time course parameter in both  DMI. That is, at high, but not low signal amplitudes, DMI
the CA3 region of hippocampus and dentate gyrus. Although significantly extended th&_gotime course parameter. The
not significant, there was a trend for this effect to be greater in same pattern emerged in the dentate gyrus. Thus, because
the dentate gyrus than in the CA3 region. By contrast, at sim- fluvoxamine and DMI significantly prolonged thgg time
ilar signal amplitudes, the norepinephrine uptake inhibitor, course parameter in the dentate gyrus regardless of 5-HT sig-
DMI, prolonged theTgg time course parameter in the dentate nal amplitude, it appears that at least in this brain region the
gyrus but not in the CA3 region of hippocampus. Tgo time course parameter is more robustly affected by these
When 5-HT signal amplitudes were much greater (range drugs. The overriding generality from these data however,
from 2.00 to 8.64.M) fluvoxamine no longer exerted any is that the ability of DMI to inhibit 5-HT clearance is most
significant effect orTgg in the CA3 region and had a dimin-  profound when extracellular 5-HT was high, whereas fluvox-
ished (although still significant) ability to prolorigg in the amine produced greatest inhibition of 5-HT clearance when
dentate gyrus (sdeg. 7). In the dentate gyrus, the ability of  extracellular 5-HT was low.
DMI to prolong Tgp was preserved when 5-HT signal am- In the majority of instances neither fluvoxamine nor DMI
plitudes were greater than 2.01. However, whereas DMI  significantly altered signal amplitude. However, in the CA3
had no effect orfTgg in the CA3 region at low 5-HT signal  region under high signal amplitude conditions, a small but
amplitudes, at these higher signal amplitudes DMI now sig- significant decrease in signal amplitude occurred following
nificantly prolonged th&gg time course parameter for 5-HT  both fluvoxamine and DMI (data not shown). As we have

clearance. previously reported@aws et al., 1998 vehicle (phosphate-
E<10uM E=<1.0uM
g WE-20pM CA3 7 EE-20uM DG
5_3 300+ '{: 300+ # #
[=T)] [=11]
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Fig. 7. Summary of the effect of fluvoxamine (46 pmol) and DMI (49+ 3 pmol) on theTgg time course parameter as a function of 5-HT signal amplitude in

the CA3 region of hippocampus and dentate gyrus (DG). Serotonin was delivered so as to yield signal amplitudes of approxipidtgbr®8 0.17-0.78.M)

or 4.0n.M (range 2.00-8.6j4M). Once a reproducible baseline 5-HT signal was obtained, drug was pressure-ejected followed 2 min later by another ejection of
5-HT. Data are expressed as mea8.E.M. percent change from pre-drug baseline. Number of rats per group is shown in parehhe8e35 Mann—Whitney

U; #P<0.05. Paired-test, pre- vs. post-druifip values.
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buffered saline or water) had no significant effects on 5-HT catecholaminergic neuronShaskan and Snyder (197@3-
signal parameters (data not shown). 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
4. Discussion process, termed uptake-2, reflected uptake into catecholamin-
ergic neurons. For 5-HT they reportelda value for uptake-1
Three major findings resulted from this study. First, that of 0.1-0.2uM andVpmax values of 1.2 and 0.Zmol/min/g in
kinetics of 5-HT clearance in vivo is distinct with respect to the striatum and hypothalamus, respectively. Uptake-2 had a
brain region. Second that the 5-HTT as well as the NET con- Ky, value of~8 .M but a much greater capacity to transport
tribute to 5-HT clearance concordant with the relative density 5-HT than uptake-1, witlVyax values being 12- to 15-fold
of each transporter within a region. Third, that the ability of greater than the corresponding values for uptake-1.Krhe
an SSRI or norepinephrine reuptake inhibitor to inhibit 5-HT values derived in vivo in the present study are remarkably
clearance is dependent both on brain region and on extra-similar. Although at first glance thkt values correspond-
cellular levels of 5-HT. The data presented here support theing to uptake-1 appear greater (e.g. ranging fref\5 to
idea that factors governing 5-HT clearance in vivo are in 4.0pM), this is likely a consequence of the prominent role
a state of dynamic flux, continually responding to changes diffusion plays in determining the rate of clearance of 5-HT
in the extracellular milieu in order to maintain homeostasis away from the recording electrodedar et al., 1988 When
of serotonergic neurotransmission. Moreover, these experi-Kt is corrected for volume fractiorw (Nicholson, 1995;
ments demonstrate the utility of high-speed chronoamperom-Rice and Nicholson, 199%he values derived in vivo (e.g.
etry for measuring clearance of exogenously applied 5-HT in ~0.5uM) are consistent with those determined using an
vivo and for determining factors that govern its clearance. in vitro approach (0.01-0.5 (M)Qodd and Walker, 1987,
Consistent with our earlier report®éws et al., 1997; Masson et al., 1999; Shaskan and Snyder, L9Sinilarly,
Montafiez et al., 200Ras well as those of others who have theKr values derived for 5-HT uptake by the NET are con-
used synaptosomal or brain slice preparatiddisn{n and sistent with those determined using in vitro approaches (e.g.
Wightman, 1998; Bunin et al., 1998; Shaskan and Snyder, Kuhar et al., 1972; Shaskan and Snyder, 39T@e higher
1970, the rate of 5-HT clearance in vivo is dependent on Ky andVmax values derived in the dentate gyrus suggest that
brain region. Generally, rate of 5-HT clearance increases with clearance in this region is mediated by at least two processes
increasing 5-HTT density. Thu¥max for 5-HT clearance is  as defined byshaskan and Snyder (197@here the 5-HTT
highest in the DRN, where the greatest density of 5-HTTs represents uptake-1 and the NET represent uptake-2.
are located, and lowest in the corpus callosum, where very  To investigate the contribution of the NET in determining
low binding of BH]-cyanoimipramine to the 5-HTT occurs.  the Vinax for 5-HT clearance, we determindhay and Kt
Interestingly however, th¥max values for 5-HT clearance  values for 5-HT clearance in rats treated previously with 5,7-
did not correspond precisely as would be predicted based onDHT or 6-OHDA. These treatments resulted in a greater than
5-HTT density alone. For example, 5-HTT density is approx- 90% loss of 5-HTTs and NETS, respectively, in the hippocam-
imately 4.5-fold greater in the DRN than in the CA3 region pal regions. In the dentate gyrus both treatments resulted in
of hippocampus, and yet thénax for 5-HT clearance was  significant reductions in th¥max for 5-HT clearance how-
only two-fold greater. This apparent disparity supports the ever, the magnitude of this reduction was markedly greater in
notion that multiple factors govern 5-HT clearance within 6-OHDA-treated rats (approximately 50% decreas¥nix
a given brain region. Another notable caveat to the relation- compared to only a 20% decrease in 5,7-DHT-treated rats).
ship between 5-HTT density aMhaxoccurred inthe dentate  Moreover, in the dentate gyrus theg value in rats treated
gyrus. The dentate gyrus has a significantly lower density of with 6-OHDA was significantly lower and resembled that
5-HTTs (approximately two-fold less) than in the CA3region determined in the CA3 region of hippocampus and DRN of
of hippocampus howeveY,,ax for 5-HT clearance was sig-  intact rats. By contrast, th€r value was not significantly al-
nificantly greater in the dentate gyrus than in the CA3 region tered in the dentate gyrus of rats treated with 5,7-DHT. Taken
of hippocampus. Moreover, thér value for 5-HT clearance  together these results are consistent with 5-HT uptake in the
was greater in the dentate gyrus than in either the CA3 regiondentate gyrus being mediated by at least two processes: a
of hippocampus or DRN. These data suggested to us that théhigh affinity—low capacity mechanism, the 5-HTT; and a low
primary mechanism(s) governing 5-HT clearance is different affinity—high capacity mechanism, the NET.
in the dentate gyrus and subsequently became the focus of This interpretation is supported further by our findings
this study. in the CA3 region of hippocampus. Here neither 6-OHDA
We have previously demonstrated that the NET can con- nor 5,7-DHT treatments altered thfgax for 5-HT clearance.
tribute to clearance of 5-HT in the dentate gyri=s et However, there was a trend fétr values to be increased
al., 199§, a finding consistent with earlier observations sug- relative to sham-treated rats. This increas&nvalue (i.e.
gesting that 5-HT can be taken up by at least two transportdecrease in apparent transporter affinity for 5-HT) was most
processeslichtensteiger et al., 1967; Shaskan and Snyder, marked in 5,7-DHT-treated rats. While it is difficult to com-
1970, one residing on serotonergic neurons and the other onment on the statistical significance of the apparentincrease in
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Kt values, it is clear from visual inspection of the curves in These ideas are further supported by our studies investi-
Fig. 6, left panel, that 5,7-DHT treatment resulted in a shiftto gating the ability of antagonists of the 5-HTT and NET to
the right of the concentration response curve and a relatively inhibit 5-HT clearance when the peak amplitudes of the elec-
poor fit of the data to a four-parameter logistic equation. Con- trochemical signal produced by local application of 5-HT into
sequently the error associated with the deritgdvalue is these hippocampal regions were less thaML(“low”) or
large. Nonetheless, the increadégdvalue together with the  greater than 2M (“high”). Consistent with our earlier stud-
finding thatVmax values were not altered in 5,7-DHT-treated ies, DMI did not inhibit 5-HT clearance in the CA3 region
rats suggests that the NET also contributes to 5-HT clearanceof hippocampus when extracellular fluid concentrations of 5-
inthe CA3region of hippocampus. Notably itappears thatthe HT were “low”. However, when 5-HT concentrations were
NET contributes most prominently when extracellular fluid high, 5-HT clearance was significantly inhibited by DMI. In
levels of 5-HT are high. the dentate gyrus, DMI generally inhibited 5-HT clearance

These data are in agreement with our earlier work demon- regardless of 5-HT concentration. It is also noteworthy that
strating that in the CA3 region of hippocampus clearance of in the CA3 region, fluvoxamine failed to inhibit 5-HT when
5-HT is prolonged in rats treated with 5,7-DHD4ws et al., extracellular fluid 5-HT levels were high. These data are per-
1998; Montdiez et al., 2003b However, in these initial stud-  haps best explained in terms of the relative ratio of 5-HTTs
ies 5-HT was never applied in amounts sufficient to obtain and NETSs in these hippocampal structures and the capacity
Vmaxand so a role for the NET in mediating 5-HT clearance of each to transport 5-HT (ségg. 8). In the CA3 region the
was not revealed. According to these original data it was con- density of 5-HTTs is approximately two-fold greater than
cluded that the 5-HTT is the primary mechanism governing the density of NETs. Under conditions of high extracellular
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 5-HT
appears that when 5-HT concentrations become sufficiently ™"
high, other active transport mechanisms come into play to
maintainVmax at “normal” rates. The data presented here are
consistent with that transport mechanism being the NET.

Of fundamental importance is whether uptake by
catecholaminergic neurons has either physiological or phar- Q Q
macological importance. Although this cannot be an- Post Synaptic Post Synaptic
swered precisely, the most current estimate for synaptic higron. S
concentrations of 5-HT is 6 mMBunin and Wightman,

1999, a value consistent with estimates for other transmit-
ters such as glutamate and dopami@ée(nents, 1996see
Cragg and Rice, 2004Given estimates that 5-HT can dif-  5-HT
fuse >20um away from the cleft such that concentrations """
fall to a micromolar to nanomolar rangBynin and Wight-
man, 1998, 1999; Clements, 1996; Cragg and Rice, 2004
the micromolar values required to reach an appavink
for 5-HT clearance in the present study fit within the current ’
framework of our knowledge. In addition, our data also are @ @
consistent with those of Bunin and coworkers, and support Past Synaptic Post Synaptic

. . . Neuron Neuron
paracrine (or extrasynaptic) transmission as a mode for 5-HT
neurotransmission. Such data are supported by ultrastructuratig. g. schematic representation of the contribution of 5-HTTs (open cylin-
studies showing that the 5-HTT is located primarily extrasy- ders) and NETs (shaded cylinders) in mediating serotonergic neurotrans-
naptically (on axons and dendrites) and rarely synaptically mission in dentate gyrus (DG) and CA3 region of hippocampus. In the CA3
(Miner etal., ZOOOand atadistance from potential targetsites 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-
(e.g. 5-HT2A receptoriuang and Pickel, ZOQZSImIIarIy' HT from extracellular fluid (top left panel). However, when the 5-HTT is

NET labeling is primarily confined to noradrenergic neuronal inactivated by administration of an SSRI, the concentration of extracellular
somata, axons and dendrites. Of particular relevance to thes-HT climbs and the NET becomes an active player in mediating clearance
present data is evidence that noradrenergic neurons arborizef 5-HT (bottom left panel). By contrast, in the dentate gyrus the greater
extensively within the hippocampuSt(hroeter etal 2000 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
Thus, there are both anatomical and functional data SUPDOFt'right panel). The involvement of the NET in regulating clearance of 5-HT in

ing the involvement of multiple transport mechanisms that the dentate gyrus becomes even more apparent in the presence of an SSRI
govern 5-HT neurotransmission. (bottom right panel).

5-HT
Neuron

CA3 + SSRI DG +SSRI

5-HT
Neuron



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

5-HT, the NET is actively involved in the uptake of 5-HT. Flu-  clear divergence in serotonin clearance between heterozygote
voxamine, by its action at the 5-HTT, serves to maintain high mutants and wild-type mice did not occur until extracellular
levels of 5-HT and thus its effect to inhibit 5-HT clearance is fluid concentrations of 5-HT were aroundw®1 (Montafiez
masked by the high capacity of NETs to take up 5-HT. When et al., 20033 In this same study we showed that the density
concentrations of 5-HT are low at the time fluvoxamine is of NETs in the CA3 region of hippocampus was not different
administered, 5-HT concentrations do not climb sufficiently between the three genotypes. Together with the genotype-
high for NETs to significantly influence uptake, at least un- dependent differences Mnax values for 5-HT clearance it
der the conditions used here, and so inhibition of clearance isappears that the NET does not compensate for the partial or
apparent. In the dentate gyrus the ratio of 5-HTTs to NETs is complete loss of 5-HTT in the genetically modified mice.
approximately 1:2. Because NETs are more numerous in theThese data are discrepant with our present results in rats
dentate gyrus, determination of extracellular fluid 5-HT con- treated with neurotoxin. This apparent discrepancy may be
centration is more likely to be under their control. Consistent reconciled by genetic versus pharmacologic means to reach
with this idea, we found that DMI inhibited 5-HT clearance the same end (loss oftransporters). Genetically modified mice
regardless of whether 5-HT signals were “high” or “low”. have been so since conception and undoubtedly undergo a va-
Fluvoxamine was also able to inhibit 5-HT clearance at both riety of developmental adaptations as a consequence. Treat-
“low” and “high” 5-HT signal amplitudes however, consis- ment with a neurotoxin represents an acute pharmacologic
tentwith the idea put forth above, the ability of fluvoxamineto insult. Although it is beyond the scope of this study to probe
inhibit clearance was less robust when the extracellular fluid the underlying basis(es) for these differences our data un-
concentration of 5-HT was “high” at the time drug was ad- derline potentially important differences between genetically
ministered. The model proposed here is typical of cooperative and pharmacologically defined transporter expression.
binding interactions that occur in many biological systems  The density of 5-HTTs and NETSs in the corpus callosum
(e.g. binding of ligand to an oligomer). Specifically we pro- is very low and reflected by low rates of 5-HT clearance. Itis
pose that the data presented here are analogous to a model dfifficult to comment on the functional significance of trans-
positive cooperativity, with the caveat that a conformational porters in this brain structure. Treatment with 5,7-DHT- or
change in the protein is not required. That is, the binding 6-OHDA-treatmentdid not significantly alter 5-HT clearance
of one ligand (fluvoxamine) at site 1 (5-HTT) enhances the parameters and so it could be argued that 5-HT clearance in
binding of a second ligand (5-HT) to site 2 (NET). This idea this structure is mediated primarily by diffusion. This inter-
is illustrated inFig. 8 Indeed there is evidence that similar pretation is supported by earlier studies showing a lack of
dynamics occur between other transport systems. For exam-effect of fluvoxamine to inhibit 5-HT clearance in the cor-
ple, 5-HT can also be taken up by the dopamine transporterpus callosumDaws et al., 199 However, given that 5,7-
(Jackson and Wightman, 199&nd dopamine can be taken DHT- and 6-OHDA-treatment did not produce >70% loss of
up by the NET Cass and Gerhardt, 1995 5-HTTs and NETS, respectively, it could also be argued that
It is important to note that only rats where a greater than the remaining transporters could maintain normal rates of 5-
90% loss of 5-HTT or NET was attained were included in HT clearance as we found in the CA3 region of hippocampus
the analysis. Great care was taken to ensure this criteria wagMontafiez et al., 2003b A recent study byReyes-Haro et
fulfilled as previous studies from our laboratory have shown al. (2003)reporting antidepressant-sensitive uptake of 5-HT
that 5-HT clearance parameters are not significantly alteredin the corpus callosum provides support for the latter.
when loss of 5-HTTis less than 80¥¢ntafiez etal., 2003b The data presented here raise important considerations for
Thus, even when as few as 20% of 5-HTTs are spared; “nor-the use of SSRIs and other therapeutics that are used to treat a
mal” rates of 5-HT clearance are maintained. These data arerange of psychiatric disorders including depression, anxiety
analogous to those obtained when anirreversible antagonistisand alcoholism. For example, individuals who do not respond
used to block some percentage of receptors and the unblockedvell to SSRIs may already have high 5-HT tone and therefore
or “spare” receptors are sufficient to maintain normal neuro- the effect of SSRIs to increase extracellular 5-HT further is
transmission. Because loss of 5-HTT was greater than 90%dampened by activity of the NET. Alternatively, but not mutu-
in all cases, it is not likely that activity of “spared” 5-HTTs ally exclusively, these individuals might have increased NET
could account for these robust changes in kinetic parametersunction in brain regions important in mediating such psy-
or drug effects observed in the present study, however thischiatric illnesses. Combined with the growing body of evi-
possibility cannot be excluded. dence documenting interactions between genetically defined
Itis noteworthy to compare these data with our earlier find- expression of the 5-HTT (e.g. 5-HTTLPR polymorphism)
ings in mice with a targeted disruption of the 5-HTT gene. (e.g.Collier et al., 1996; Smits et al., 2004environment
Not surprisingly we found 5-HT clearance to be substan- (e.g.Caspi et al., 2008and response to drug treatment (e.g.
tially slowed in the homozygote knockout, which express no Eichhammer et al., 2003; Smits et al., 2D0#e design of a
5-HTT (Montafiez et al., 2003a However, in heterozygote  biological system with built in functional redundancies make
mutants, which express 50% fewer 5-HTTs than wild-type evolutionary sense in order to maintain homeostasis of sero-
mice, theVnax for serotonin clearance was intermediate be- tonergic neurotransmission. The data presented here clearly
tween that for the wild-type and KO mice. Interestingly, a demonstrate that the NET is capable of clearing 5-HT. How-
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ever, it appears that this mechanism for 5-HT clearance is Gershanik 0S, Heikkila RE, Duvoisin RC. Asymmetric action of intra-
effected when the extracellular concentration of 5-HT ex- cerebroventricular monoamine neurotoxins. Brain Res 1979;174:
ceeds th&t of the 5-HTT for 5-HT and/or in brain regions 345-50.
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