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Boron-Doped Diamond Microelectrodes Reveal Reduced
Serotonin Uptake Rates in Lymphocytes from Adult Rhesus
Monkeys Carrying the Short Allele of the 5-HTTLPR
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Abstract and high-resolution measurements. Boron-doped dia-
mond microelectrodes show excellent signal-to-noise
and signal-to-background ratios due mainly to low
background currents and are highly resistant to fouling
when exposed to lymphocytes or high concentrations of
serotonin.
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Uptake resolved by high-speed chronoamperometry
on a second-by-second basis has revealed important

differ'ences @n brain' SCI’O.tOI'li.Il transporter function icroelectrode voltammetry, which com-
associated with genetic variability. Here, we use chrono- prises a group of related electrochemical

amperometry to investigate variations in serotonin techniques, is a rapidly growing means to
9

transport in primary lymphocytes associated with the explore chemical neurotransmission (/). The expanding
rhesus serotonin transporter gene-linked polymorphism use of voltammetry for neurochemical studies is largely
(rh5-HTTLPR), a promoter polymorphism whose due to advantages associated with the ability to perform
orthelogues occur only m higher order primates m- in situ measurements with excellent spatial and temporal
cluding humans. Serotopm .cl_earance by lymphocytee 18 resolution. Moreover, strategies for parlaying electro-
Na'-dependent and inhibited by the serotonin- chemical detection of nonelectroactive neurotransmit-
selective reuptake inhibitor paroxetine (Paxil), indicative ters have been devised (2, 3). The benefits of making
of active uptake by serotonin transporters. Moreover, direct measurements in tissue are highly evident in
reductions in serotonin uptake rates are evident n recent work using high-speed chronoamperometry to
lymphocytes from monkeys with one or two copies of  jpyestigate changes in serotonin uptake rates associated
the short ‘S.’ allele of the rh5-HTTLPR (s/s < s/l < I]]). with decreases in serotonin transporter (SERT) gene
These findings illustrate that rh5-HTTLPR-related al- expression. Reduced brain serotonin uptake associated
terations in serotonin uptake are present during adult- with the loss of one functional copy of the SERT gene
hood in peripheral blood cells natively expressing in mice is readily observed using chronoamperometry
serotonin transporters. MOIGOYGI, they' suggest that ex vivo (4) and in vivo (5). By contrast, these changes
lymphocytes can be used as peripheral biomarkers for are not differentiable using standard radiochemical
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methods (6, 7). Furthermore, maximal uptake rates
appear to be underestimated, while the affinity of
serotonin for its transporter is overestimated using
traditional [*H]-serotonin uptake. We have attributed
this to a loss of transported serotonin occurring during
the filtration process employed in radiometric methods
(6). The radiochemical assay also suffers from short-
comings associated with estimating uptake rates using a
single time point, in contrast to chronoamperometry
and other voltammetry methods, which provide infor-
mation on neurotransmitter transport over the entire
time course with second to millisecond resolution.

Carbon fiber microelectrodes (CFMs) have most
often been used for voltammetry measurements of
neurotransmitters (§). Advantages associated with this
type of microelectrode include the commercial avail-
ability of carbon fibers with diameters ranging from 3 to
30 um and the ease of fabrication of small cylindrical or
disk-shaped microelectrodes providing spatially re-
solved measurements in the brain (9). Despite these
advantages, CFMs have limitations associated with
sp>-hybridized carbon and the presence of surface hy-
droxyl groups, both of which promote strong adsorp-
tion of polar analytes via dipole—dipole, ion—dipole,
and hydrogen bonding interactions (/0—13). Additional
problems arise when using CFMs to detect serotonin,
which forms an unstable oxidation byproduct that can
dimerize (14, 15). These products adhere to CFM
surfaces causing electrode fouling (/6). Thus, CFMs
are not ideal for measurements of serotonin at concen-
trations greater than 1 uM (17) or for longer exposures
to biological preparations.

Boron-doped diamond is a highly stable sp*-hybri-
dized form of carbon that lacks an extended sz-electron
system and whose surface is dominated by hydrogen-
termination (/8—22). Together, these characteristics
impart electrodes fabricated from boron-doped dia-
mond with a nonpolar surface chemistry making them
more resistant to fouling (23). Serotonin release by
enterochromaffin cells in the intestinal mucosa, where
tissue serotonin concentrations are estimated to bein the
micromolar range (24), has been measured using boron-
doped diamond microelectrodes (BDMs) and constant
potential amperometry (23, 25). Here differences in
uptake associated with lower levels of SERT expression
in neonatal intestinal mucosa were differentiated from
those in adult gut tissue (26).

The serotonin transporter is a major research
focus because of its primary role in regulating the neuro-
modulatory effects of serotonin in the central and
peripheral nervous systems (27, 28). The SERT is
the primary molecular target for the serotonin-selective
reuptake inhibitors (SSRIs), which are commonly
prescribed drugs used in the treatment of depression
and anxiety disorders. Widely abused drugs, including
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3,4-methylenedioxymethamphetamine (MDMA,; Ecstasy)
and cocaine, also have primary mechanisms of action at
the SERT (7, 29, 30).

Beyond its pharmacologic significance, a number of
commonly occurring polymorphisms have been dis-
covered in the noncoding regions of the human SERT
gene (3/—35). Additionally, rare coding region single
nucleotide polymorphisms (SNPs) have been pin-
pointed (36), some of which are of psychiatric relevance
(35, 37, 38). A 43-base pair insertion/deletion promoter
polymorphism, termed the human serotonin trans-
porter gene-linked polymorphic region (h5-HTTLPR),
is the most extensively studied SERT gene variant
(Figure 1) (31). This polymorphism has been linked to
differences in anxiety-related personality traits, vulner-
ability to developing neuropsychiatric disorders, and
variability in drug responsiveness (28, 31, 39—41). The
h5-HTTLPR is hypothesized to influence brain function
and behavior via allele-specific SERT promoter activity
(42, 43). Decreases in SERT mRNA (37) and protein
binding in postmortem human brain (44) have been
associated with the lower expressing short ‘s’ allele.
However, not all studies are in agreement. For example,
SERT mRNA levels in human postmortem raphe tissue
(45) and in vivo human SERT binding measured by
positron emission tomography (PET) (46) have failed to
show h5-HTTLPR-associated allele specific differences.

Rhesus monkeys (M. mulatta) express a serotonin
transporter gene-linked polymorphic region, the rhS-
HTTLPR, which is evolutionarily related to the A5-
HTTLPR (47, 48). The rh5-HTTLPR is a 21 base pair
insertion/deletion promoter polymorphism that occurs
at a locus slightly shifted from that in humans. Seroto-
nin transmission, stress responsiveness, and social be-
havior are influenced by the rh5-HTTLPR (49—52),
similar to associations between the h5-HTTLPR and
human behavior. At the molecular level, the rh5-
HTTLPR is also hypothesized to affect transcription
of SERT. However, its influence on SERT mRNA,
protein levels, and serotonin uptake has not been de-
termined, and only its effects in a reporter gene assay
have been described (53).

The close parallels between the 415- HTTLPR and rh5-
HTTLPR provide opportunities to use the latter to
advantage for investigating this evolutionarily conserved
polymorphism, which is absent in lower order mammals
including rodents (47). For example, the /5-HTTLPR
possesses additional functional promoter region SNPs
(32—34), multiplying the number of genotypes and
complicating their interpretation (54). By contrast,
orthologous SNPs have not been reported in the rh5-
HTTLPR. Furthermore, establishing the relationship
between the effects of the ri5-HTTLPR in peripheral
tissues vs the brain is possible. By contrast, with the
exception of in vivo imaging techniques, which currently
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Figure 1. Proposed effects of the 5-HTTLPR on the serotonergic system and behavior. The serotonin transporter gene-linked polymorphic
region (5-HTTLPR) is a promoter polymorphism that occurs only in higher order primates, including humans and rhesus monkeys. In human
subpopulations, the short “s” allele has been observed at frequencies of 25%, 40%, or 80% in African Americans, European Americans, or
Japanese, respectively (97). The frequency of the orthologous ‘s allele in rhesus monkeys is ~25% (48). In both species, the short form of the 5-
HTTLPR is hypothesized to lower transcription rates compared to the long ‘7’ form, resulting in decreased SERT mRNA, lower SERT protein
levels, and, hence, reduced serotonin uptake and increased extracellular serotonin levels (28, 84). However, while the molecular and neurochemical
effects of the 5-HTTLPR, including its influence during different times in the life cycle and the elucidation of critical downstream targets, are still
under investigation, many studies have found significant associations between the 5-HTTLPR short allele and higher trait-anxiety or increased
stress responsiveness in humans and rhesus monkeys (for recent reviews see refs (28, 40, and 54). This is in contrast to the effects of chronic
treatment with serotonin reuptake inhibiting antidepressants in adults, which are also hypothesized to increase extracellular serotonin, but which
produce decreased anxiety and/or elevated mood in the subset of patients clinically responsive to these medications.

have low resolution, making these types of connections CFMs. Figure 2 depicts representative cyclic voltam-
in living humans are difficult. metric i-E curves obtained at 1 V/s in assay buffer

Here, we take a key step toward understanding the (background) or 10 uM serotonin. Boron-doped dia-
effects of the rh5-HTTLPR on SERT function. We mond microelectrodes exhibited 6-fold lower back-
employ high-speed chronoamperometry to explore ser- ground currents on average compared to those of CFMs,
otonin uptake in nontransformed primary rhesus lym- even though the surface areas of BDMs (~30,000 umz)
phocytes, which natively express low levels of SERT. We were larger than CFM surface areas (~11,000 um?).
investigate whether BDMs have advantages over CFMs Lower background currents at BDMs have been attri-
for measuring serotonin uptake in these cells. Further- buted to the absence of redox-active or ionizable surface
more, we test the hypothesis that ri5-HTTLPR genotype groups (reduced pseudocapacitance) and slightly lower
is associated with variations in serotonin uptake rates in concentrations of internal charge carriers (reduced
adult animals. On the basis of our findings, we anticipate capacitance) (19). The mean oxidation to background

that readily obtainable peripheral blood lymphocytes, in current ratio produced by 10 uM serotonin at BDMs
combination with sensitive electrochemical methods, will (0.58 £ 0.03) was significantly higher than that at CFMs

provide opportunities for future studies aimed at under- (0.13 4+ 0.03; P < 0.0001).
standing the effects of gene variants, neurological disease For serotonin, the half-wave oxidation potential (£, /2(”‘)
states, and drug treatment on SERT function. at BDMs (0.54 4 0.008 V) was significantly greater than
Results and Discussion that at CFMs (0.32 4 0.005 V; P < 0.0001). Oxidation
of monoamine neurotransmitters proceeds via an inner-
Electrode Responses to Serotonin sphere electron transfer pathway; thus, electron trans-
Cyclic voltammetry was used to compare back- port kinetics are highly sensitive to electrode surface
ground and serotonin-related currents at BDMs vs characteristics (/8, 19). Adsorption of serotonin on
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Figure 2. Cyclic voltammetry comparing background and seroto-
nin-related currents. Representative slow scans before and after the
introduction of 10 uM serotonin at (A) a 70 um cylindrical boron-
doped diamond microelectrode (BDM) and (B) a 30 um cylindrical
carbon-fiber microelectrode (CFM). Each scan represents the
average of 10 consecutive scans. Potentials were scanned from
—0.4to 1 V and back to —0.4 V at a rate of 1 V/s. The average
serotonin oxidation half-wave potential (£, ,,°*) at BDMs (0.5 +
0.008 V; N = 4 electrodes) was significantly higher than that at
CFMs (0.3 £ 0.005 V; N = 5 electrodes) [#(7) = 24, P < 0.0001].
Moreover, the signal-to-background ratio produced by 10 uM
serotonin at BDMs (0.58 4 0.03) was significantly higher than at
CFMs (0.13£0.03; [#(7) = 11, P < 0.0001]) resulting from decreased
background currents [#(7) = 3.9, P < 0.01] at BDMs.

electrode surfaces facilitates charge transfer leading to
an increase in the heterogeneous electron transfer rate
constant and faster kinetics. A positive shift in the
oxidation potential for serotonin at BDMs vs CFMs
has been hypothesized to be due to slower reaction
kinetics resulting from lower adsorption of serotonin
at BDM surfaces. Similar increases in E;,°* at BDMs
compared to CFMs have also been reported for nor-
epinephrine (55).

These cyclic voltammetry data suggested that oxida-
tion potentials higher than those typically used with
CFMs would be needed to produce maximal serotonin
currents when employing BDMs in combination with
chronoamperometry. To investigate this, integrated cur-
rents produced by 1 uM serotonin at different oxidative
step potentials were evaluated, while the reductive and
resting potentials were held constant at 0 V. Varying £
from 0.3t00.7 Vin 0.1 V increments produced significant
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increases in integrated current that reached a plateau at
0.8 V(P <0.01 for steps below 0.8 V vs 0.8 V), after which
no significant increases in integrated current were
observed (P > 0.05 for steps above 0.8 V vs 0.8 V)
(Figure 3A). Increasing E£° to values higher than 0.8 V
resulted in significant decreases in signal-to-noise ratios
(P < 0.01 for 1 V vs 0.8 V) and signal-to-background
ratios (P < 0.01 for 0.9—1 V vs 0.8 V) (Figure 3A) mainly
attributable to increases in noise and background cur-
rents, respectively. Together, these results suggest that an
E°* of 0.8 V produces the highest integrated oxidation
current while also maximizing signal-to-noise and signal-
to-background ratios for detecting serotonin at BDMs by
chronoamperometry.

Next, we compared the responses of BDMs vs bare
CFMs to serotonin concentrations ranging from 0.5 to
10 uM (Figure 3B). Boron-doped diamond microelec-
trodes showed highly linear responses over the entire
concentration range investigated (R> = 0.9908). By com-
parison, CFMs showed lower linearity (R> = 0.9579)
with a better fit to a nonlinear curve (one-site exponential,
R? =0.9789). Analysis of the electrode responses at each
serotonin concentration showed significantly lower re-
sponses of CFMs compared to BDMs (P < 0.01) at 2.5
uM and higher, probably due to fouling of CFM surfaces.

Carbon fiber microelectrodes have been used exten-
sively for in vivo and ex vivo detection of neurotrans-
mitters, and application of Nafion to CFMs has been
shown to increase neurotransmitter current, signal-to-
background ratios, and limits of detection (56—3§).
Boron-doped diamond, which is still in its early stages
for use in monoamine neurotransmitter sensing, has
been compared to glassy carbon (20, 59) or bare CFMs
(23). Here, we contrasted BDMs with both bare and
Nafion-coated CFMs for measuring serotonin using
chronoamperometry by assessing four key electrode
properties: signal (nC/mm?), signal-to-noise, signal-
to-background (%), and limits of detection (nM)
(Table 1). With the exception of the signal itself, which
was only modestly higher at BDMs vs bare CFMs (P <
0.05), BDMs showed highly improved figures of merit (P <
0.001 vs CFMs and Nafion-coated CFMs), further indi-
cating that boron-doped diamond is a superior electrode
material for serotonin sensing compared to carbon fiber
primarily based on lower background currents and noise.

Boron-Doped Diamond Microelectrodes Show
Reduced Fouling

Carbon-fiber electrode surfaces show adsorption of
polar analytes such as serotonin and its oxidation
products (74, 15). Furthermore, biological macromole-
cules adsorb to CFM surfaces, and both of these
processes cause fouling, thus altering time-dependent
amperometric responses to analytes (60, 61). Commonly
used techniques to reduce CFM fouling involve coating
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Figure 3. Potential and current responses to serotonin at BDMs by chronoamperometry. (A) The effects of varying the applied potential
(E°* = 0.3—1.0 V) on integrated current produced by 1 4M serotonin at boron-doped diamond microelectrodes (BDMs) was evaluated using
chronoamperometry while maintaining constant reductive and resting potentials at 0 V. Bars represent the ratios of mean integrated current
recorded at each applied potential with respect to the mean value at 1.0 V (left y-axis). Varying the applied potential had a statistically
significant effect on integrative current [F(7,24) = 360, P < 0.0001]. Specifically, increasing the applied potential between 0.3 and 0.8 V resulted
in significant increases in integrative oxidation current (P < 0.001 for each potential step below 0.8 V vs 0.8 V), while increasing E°* further
failed to produce additional increases in current (P > 0.05 for each potential above 0.8 V vs 0.8 V). Varying the applied potential also had a
statistically significant effect on signal-to-noise ratios (S/N) and signal-to-background ratios (S/B) (right y-axis; [F(7,24) = 18, P < 0.0001] and
[F(7,24) = 270; P < 0.0001], respectively). Increasing the applied potential to 1 V produced a significant reversal in signal-to-noise (P < 0.01 vs
0.8 V), while increasing E°* to values >0.9 V caused the previously maximal signal-to-background ratios to fall (P < 0.01 vs 0.8 V). Together,
these findings suggest that application of an oxidative potential of 0.8 V. at BDMs for chronoamperometry produces optimal integrated current
by maximizing the serotonin-related current while minimizing contributions due to noise and background. Data represent serotonin
concentration responses tested at four different BDMs. ** or "' P < 0.01 vs corresponding value at 0.8 V. (B) Calibration curves are compared
for BDMs and carbon fiber microelectrodes (CFMs) at serotonin concentrations ranging from 0.5 to 10 uM. Boron-doped diamond
microelectrodes showed highly linear responses over the large concentration range tested (> = 0.9908), in contrast to CFMs (+* = 0.9579),
which showed a better correlation coefficient for a nonlinear fit to an exponential function (+* = 0.9789). Repeated measures two-way ANOVA
revealed a significant interaction between serotonin concentration and electrode type [F(4,50) = 76, P < 0.001] indicating that BDMs and
CFMs did not respond similarly to serotonin. Data were subsequently analyzed by two-tailed unpaired #-tests. CFMs showed significantly
lower current responses per unit area at higher concentrations of serotonin (> 1.0 uM) compared to BDMs, possibly due to fouling of CFM
surfaces (**P < 0.01 for 2.5 uM and 5.0 uM and ***P < 0.001 for 10 uM vs BDM3s). Data represent oxidation current per unit area tested at six
different BDMs and CFMs.

Table 1. Summary of Responses to Serotonin by high concentrations of serotonin (10 xM) comparing this
Boron-Doped Diamond vs Bare or Nafion-Coated to bare CFMs (23). Here, we extended those findings
Carbon Fiber Microelectrodes” using conditions relevant to the present experiments, i.e.,
: exposure to 10 uM serotonin or cell suspensions for

(n%%?fglz) S/N S/B(%)  LOD (nM) 20 min, the time frame over which serotonin uptake

occurs in the ex vivo experiments described below. Ad-

BDMs 404 210£30 - 17£1 133 ditionally, we compared the fouling properties of BDMs

Nafion-coated 6.8 £+ 0.8 48 £ TH*FE 2.9 £ 0.4%F* 64 £ gFF*

CFMs and CFMs to Nafion-coated CFMs. Boron-doped dia-
CMFs S3L07F 48k 8FFE 07 b (4FEE 67 4 TR mond microelectrodes showed significantly reduced foul-
ing compared to both types of carbon fiber electrodes in the

“Boron-doped diamond microelectrodes (BDMs) showed signifi- . . .
cantly higher signal-to-noise and signal-to-background ratios and better presence of high concentrations of serotonin or lymphocyte
limits of detection compared to those of Nafion-coated or bare carbon suspensions, as shown in Figures 4A and 4B, respectively.
fiber microelectrodes. The absence of redox-active ionizable surface . . :
groups and lower concentrations of internal charge carriers in BDMs Exposure to 10 //LM serotonin for 20 min resulted in

lead to lower background currents and noise. Data are mean responses f o < ; P
fo 1 1M serotonin & SEMS (1 — § — 18 samples per data point). The significant decreases (P < 0.001) in electrode sensitivity

oxidative potential was 0.8 V for BDMs and 0.55 V for CFMs and for bare (—55 + 5%) or Nafion-coated (—40 + 7%)
Do Chat, e fh educiyg and fing poiatils et CFMs, whetaas BDMs shoved nonsignifieant decrcases
in sensitivity that were less than 10% (Figure 4A). Cleaning
electrodes with anionic polymers, e.g., Nafion, or BDMs with isopropanol led to a nearly complete recovery
cleaning with organic solvents such as isopropanol of sensitivity (97 & 4%) indicating that serotonin reaction
(57, 58, 62, 63). By contrast, BDMs exhibit minimal products are weakly adsorbed on these electrode surfaces
surface adsorption, primarily because of the absence of (Figure 4A). By contrast, cleaning CFMs or Nafion-coated
an extended m-electron system and a lack of polar CFMs in isopropanol for 5 min did not significantly
carbon—oxygen surface groups. regenerate sensitivity (P > 0.05 vs after fouling).
Previously, Patel et al. investigated the ability of Similarly, exposing electrodes to lymphocytes sus-

BDMs to resist fouling due to brief exposure (10 s) to pended in assay buffer (2 million cells/mL) for 20 min
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ACS Chemical . .
NeUroscCIenCe pubs.acs.org/acschemicalneuroscience ArthIG

>
w

120, 10 uM serotonin -> BDMs 120, Lymphocytes (2 x 10° cells/ml)
& nCFM

:;s 100 b 100
i = M 2

£ 80 = 80
8 :

60 N 604
k- -

Y 404 Y 404
-t -t
& &

204 204

0 0

Before Fouling  After Fouling  After ISP treatment Before Fouling  After Fouling  After ISP treatment

Figure 4. Electrode fouling at boron-doped diamond vs bare- and Nafion-coated carbon fiber microelectrodes. In (A), fouling was assessed in
the presence of 10 uM serotonin, while in (B), fouling in response to exposure to lymphocytes was determined. Electrode responses were
normalized to responses prior to exposure to fouling agents or cleaning with isopropanol (ISP). Data represent mean percent changes in
electrode sensitivity &= SEMs (N = 8 samples per point after fouling; N = 8—10 samples per point after isopropanol). After calibration against
1 uM serotonin, electrodes were immersed in either 10 #M serotonin or lymphocytes in assay buffer for 20 min. Decreases in electrode sensitivity
were determined by postcalibration. Fouled electrodes were then exposed to isopropanol for 5 min to determine the extent of electrode
regeneration due to surface cleaning. Repeated measures two-way ANOVA revealed a significant interaction between treatment, i.e., fouling,
cleaning, and electrode type (serotonin fouling [F(4,42) = 11, P < 0.001]; lymphocyte fouling [F(4,46) = 5.4, P < 0.001]) indicating that BDMs,
CFMs, and Nafion-coated CFMs (N-CFMs) did not respond similarly to treatment. Data for each electrode type were subsequently analyzed
by one-way ANOVA and Tukey’s post hoc tests. Treatment had no effect on BDMs (serotonin fouling F(2,14) = 1.2, P = 0.33; lymphocyte
fouling F(2,14) = 2.1, P =0.16) indicating that these electrodes were resistant to fouling and that any small decreases in sensitivity were restored
by isopropanol cleaning. By contrast, the effects of treatment were significant for CFMs (serotonin fouling £(2,14) = 53, P < 0.001; lymphocyte
fouling F(2,14) = 17, P < 0.001) and Nafion-coated CFMs (serotonin fouling F(2,14) = 19, P < 0.001; lymphocyte fouling F(2,14) =15, P <
0.001). For both of the latter, exposure to fouling agents significantly reduced electrode responsiveness. Moreover, isopropanol cleaning did
not restore electrode sensitivity for CFMs and Nafion-coated CFMs (P > 0.05 vs after fouling). **P < 0.01 and ***P < 0.001 vs before fouling.

resulted in significant decreases (P < 0.001) in sensitivity across the board with respect to responses to serotonin,
for bare CFMs (—60 + 5%) and Nafion-coated CFMs reduced fouling, and reusability. Thus, we chose to use
(=35 £ 5%), compared to a nonsignificant 8.0 + 5% BDMs over CFMs or Nafion-coated CFMs for the
decrease in sensitivity for BDMs (Figure 4B). Cleaning experiments that follow.

electrodes with isopropanol after biological fouling
produced results similar to those obtained after expo-

Serotonin Is Actively Taken Up by Rhesus

sure to serotonin, with only BDMs being completely Lymphocytes i .
regenerated (100 & 2%). On the basis of these data and Transport of serotonin by SERT depends on sodium,
prior work in this developing field (23, 25, 26, 64), it is chloride, and potassium concentration gradients main-

evident that BDMs are significantly more resistant to tained across the ;i}asrﬂa membrane directly or indir-
fouling then CFMs, even when using common pre- and ectly by the Na'/K'-ATPase. Initially, substrate
post-treatments for the latter. Thus, BDMs appear to be binding sites at SERT are accessible to the extracellular

uniquely suited for measuring serotonin at higher con- fluid allowing SERT to bind s;rotonin, Na*, and Cl . in
centrations and over longer time frames in biological a 1:1:1 stoichiometry (65). This leads to a conformation
preparations. change, which results in the translocation of serotonin
On the basis of our previous work in mouse brain (and Na™ and CI") across the plasma membrane fol-
synaptosomes (4, 6), we anticipated that concentrations lowed by its release into the cytoplasm. An intracellular
of serotonin >2 uM might be necessary to achieve potassium ion then binds to the SERT causing confir-
maximal uptake rates in lymphocytes, hence our choice mation reversal. On the basis of this model of transport,
of higher concentrations of serotonin (10 M) for the a Na® gradient maintained across the plasma mem-
fouling study and upper limits of the calibration curves brane ([Na*],u > [Na+];,) is necessary to energetically
in the experiments described above. However, when we drive the active transport of serotonin by SERT.
carried out initial uptake experiments in rhesus lympho- To investigate whether time-dependent decreases in
cytes using BDMs and chronoamperometry, the data amperometric current after the addition of serotonin to
indicated that serotonin uptake in these cells is lower lymphocytes are due to an active transport process, we
and that maximal uptake rates occurred at concentra- substituted equimolar LiCl for NaCl in the assay buffer
tions of serotonin < 2 uM (see below). Although, CFMs and determined its effects on current with respect to
show linear responses to serotonin at lower concentra- time. Representative oxidative currents reflecting sero-
tions, the performance of BDMs was significantly better tonin uptake by lymphocytes suspended in normal assay
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Figure 5. Active transport of serotonin in rhesus lymphocytes. In
(A), lymphocytes were maintained in assay buffer containing 150
mM Na™, while in (B), 150 mM Li™ was substituted for Na™. In (C),
lymphocytes were preincubated for 45 min with the serotonin-
selective reuptake inhibitor paroxetine (100 nM). Current was
measured for 50 s prior to adding 0.5 uM serotonin (¢ = 0). On the
basis of electrode calibration, integrated currents were converted to
serotonin concentrations and then plotted with respect to time.
For measurable uptake, curves were fit to a one-site exponential
decay function (red line). The initial uptake rate in A was 3.9 pmol
serotonin/million cells-min.

buffer containing 150 mM Na™* vs assay buffer devoid of
Na* are compared in Figure 5A and B, respectively. In
the presence of sodium, suspensions of rhesus lympho-
cytes (2—4 million cells/mL) cleared 0.5 uM serotonin in
~15 min, as evidenced by a return of the oxidative
current to baseline (Figure 5A). The mean uptake
rate for pooled mixed-genotype lymphocytes was 3.3 +
0.5 pmol serotonin/million cells-min (N = 6). By con-
trast, in the absence of extracellular sodium, the current
remained constant with respect to time over the course
of 15 min after the addition of 0.5 uM serotonin
(Figure 5B). The latter was repeated using three inde-
pendent lymphocyte samples and three different BDMs,
and in each case, the experiment produced similar
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results. These results support the hypothesis that de-
creases in oxidative current after serotonin addition to
lymphocytes are due to a Na'-dependent active uptake
mechanism.

Other Na™- dependent plasma membrane transpor-
ters putatively expressed by lymphocytes, such as the
dopamine transporter, have the capacity to transport
serotonin, albeit with considerably lower affinity for
serotonin than SERT (66, 67). Paroxetine, a high affi-
nity SSRI (K; = 10 nM for SERT) (68), was used to
investigate whether decreases in current after the addi-
tion of serotonin to lymphocytes are specifically due to
SERT activity. Samples of rhesus peripheral blood
lymphocytes were divided, and half of each sample
was incubated with 100 nM paroxetine in assay buffer
for 45 min, while the other half remained in assay buffer
(4, 6). Both samples were then resuspended in freshly
oxygenated assay buffer. A representative serotonin
uptake curve after paroxetine pretreatment is shown in
Figure 5C. Oxidative current was monitored for 20 min
after the addition of 0.5 uM serotonin to lymphocyte
suspensions. No serotonin clearance was observed in
lymphocytes preincubated with paroxetine compared to
that in lymphocytes preincubated in assay buffer alone.
These data suggest that SERT is primarily responsible
for taking up serotonin in lymphocytes, resulting in
time-dependent decreases in extracellular serotonin de-
tected by chronoamperometry. Paroxetine preincuba-
tion experiments were performed on three separate days
using separate frozen stocks of pooled lymphocytes and
different BDMs with similar results each day.

Reduced Serotonin Uptake in Peripheral Blood
Lymphocytes Is Associated with the Short Allele
of the Rhesus 5-HTTLPR

Rhesus macaques express a promoter polymorphism
that is evolutionarily related to the human 5-HTTLPR;
however, studies have not been carried out to investigate
serotonin uptake with respect to the rhesus gene variant.
Here, we assessed SERT function in native (nontrans-
formed) lymphocytes and observed allele-specific de-
creases in serotonin uptake associated with the short
form of the rh5-HTTLPR (Figure 6). Serotonin uptake
rates were significantly decreased by 30% in lympho-
cytes from monkeys with the s/s genotype (P < 0.001)
and 25% in the s/long [ genotype (P < 0.05) compared to
those in animals with the /// genotype. Thus, similar to
the h5-HTTLPR, serotonin uptake is decreased in
peripheral blood cells isolated from adult animals carry-
ing the short rh5-HTTLPR allele, which is hypothesized
to be associated with decreased SERT expression.

Serotonin uptake rates and SERT protein levels have
each been evaluated in human transformed lympho-
blasts and platelets with respect to the h5-HTTLPR.
Lesch et al. first reported a decrease in serotonin
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Figure 6. Differential uptake of serotonin by rhesus lymphocytes
with respect to the rh5-HTTLPR. Uptake rates for 0.5 uM serotonin
were significantly lower in lymphocytes obtained from monkeys
with the s/s (P < 0.01) or s// (P < 0.05) genotypes compared to
those with /// genotype. Data are mean initial uptake rates £ SEMs
(N = 6 for s/s and //[; N = 3 for s/]). *P < 0.05 and **P < 0.001 vs
[/l genotype.

uptake and SERT binding associated with the s allele
in human transformed lymphoblastoid cell lines (37).
Later studies on serotonin transport in human platelets
corroborated these findings (69— 71), with the exception
of one study by Kaiser et al. (72). However, most studies
on SERT binding as a measure of SERT protein levels
in platelets have failed to find decreases associated with
the h5-HTTLPR s allele (69, 70, 73) and only Stoltenberg
et al. reported a reduction in SERT binding in s allele
platelets (74). It is not clear what the underlying reasons
are for the discrepancies between SERT binding and
function nor what biological significance this may have.

Uptake studies in human platelets and lymphoblas-
toid cells have utilized radiochemical assay to assess
serotonin uptake rates. However, we have shown that
kinetic parameters obtained using this technique under-
estimate maximal uptake rates in brain synaptosomes
because of a loss of transported serotonin occurring
during high pressure vacuum filtration (6). Here, we
observe uptake rates in rhesus primary lymphocytes by
chronoamperometry comparable to [°H]-serotonin up-
take rates reported in platelets. Future studies will be
needed to determine whether intact cells retain trans-
ported serotonin during vacuum filtration unlike synap-
tosomes, which are derived from previously disrupted
neurons. Gaining a better understanding of these tech-
nical aspects will allow more accurate comparisons of
uptake rates in intact cells obtained by radiochemical
assay vs voltammetry methods.

Similar to studies in peripheral cells, studies on the
effects of the 5-HTTLPR in human brain have resulted
in conflicting findings. Little et a/. reported a significant
decrease in SERT binding in postmortem midbrain
associated with the s// but not the s/s genotype com-
pared to the //I genotype; however, the number of s/s
individuals investigated was small (44). By contrast,
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Naylor and co-workers observed no significant differ-
ences with respect to the 45-HTTLPR genotype in post-
mortem hippocampus (75). Studies measuring in vivo
SERT binding potential by PET or single photon emission
computed tomography (SPECT) have likewise yielded
mixed results. Heinz et al. observed an s allele-depen-
dent decrease in SERT binding in human midbrain (76).
However, van Dyke et al. found increased binding in s/s
individuals compared to that in s// individuals in the
brain stem (77). Others have reported no differences in
SERT binding with respect to 45-HTTLPR genotype
using PET or SPECT (46, 78, 79). In rhesus monkeys,
SERT binding evaluated by SPECT was not signifi-
cantly different with respect to rh5-HTTLPR genotype
in the brain stem (80). The low resolution of PET or
SPECT imaging might account for these mostly nega-
tive findings in vivo.

Mice and rats with reduced SERT expression have also
been produced to investigate the effects of SERT defi-
ciency on neurochemistry, neurophysiology, neuropharm-
acology, and behavior (4—6, 28—30, 39, 54, 81—84).
Rodents with constitutive loss of SERT expression exhibit
increases in anxiety-related behavior (28, 82, 83) that bears
resemblance to increases in anxiety-related personality
traits reported in humans carrying one or two copies of
the h5-HTTLPR s allele. Moreover, postnatal disruption
of SERT function by administration of serotonin reuptake
inhibiting antidepressants in mice and rats leads to an
increased anxiety-related phenotype during adulthood
(85—87). Together, these data from genetic and pharma-
cologic rodent models, when viewed particularly in light of
the negative data on the A5-HTTLPR and its association
with differential SERT binding in adult human brain and
platelets, have led to the hypothesis that the effects of the
h5-HTTLPR on SERT expression and function might be
limited to key postnatal periods (46, 88). Reduced seroto-
nin uptake in early development is thought to alter the
formation of neuronal circuits responsible for modu-
lating anxiety-related behavior during adulthood.

In contrast to this hypothesis wherein the effects of
the 5-HTTLPR are limited to development, we observe
significant differences in serotonin uptake rates asso-
ciated with the rh5-HTTLPR in native rhesus lympho-
cytes obtained from adult animals using highly sensitive
electrochemical methods. Our results strongly suggest
that the rh5-HTTLPR influences SERT function not
only during critical developmental periods but that these
effects persist into adulthood. Previously, we and others
have elucidated modest but biologically important dif-
ferences in serotonin uptake rates in the brains of mice
with partial constitutive reductions in SERT expression
using chronoamperometry that are on the order of the
differences in uptake rates observed here in rhesus
lymphocytes. We hypothesize that the negative findings
on the A5-HTTLPR and its association with SERT
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expression and/or function described above might lar-
gely be due to the use of methods with low resolution for
determining uptake rates, e.g., radiochemical uptake
methods or in vivo SERT binding, e.g., PET or SPECT
imaging. Understanding whether the effects of the rA5-
HTTLPR and more importantly, the h5-HTTLPR,
persist into adulthood will be critical for advancing
our fundamental understanding of the mechanisms by
which this ubiquitous gene variant influences the archi-
tecture of human personality. Moreover, these mechan-
isms are also important for interpreting large individual
variations in treatment response to SSRIs (4/) and for
using SERT activity in peripheral lymphocytes as a
biomarker for personalizing first-line treatments for
patients suffering from depression and anxiety disorders.

Conclusions and Future Prospects

With recent advances in fabrication methods for thin-
film boron-doped diamond (22) and reductions in the
sizes of BDMs (64, 89), these electrodes are becoming
increasingly suited for making measurements of neuro-
transmitters in biological environments with the high
temporal and spatial resolution needed to elucidate
smaller magnitude changes that are nonetheless of
principal biological significance. The unique surface
chemistry of BDMs imparts excellent resistance to
fouling. However, unlike coatings such as Nafion, they
do not afford intrinsic advantages for detecting cationic
monoamine neurotransmitters over anionic metabolites
(90), the latter of which are typically encountered at high
concentrations in vivo. However, a number of BDM
surface modifications have been reported to provide
selectivity along these lines. Anodized BDMs show
separation of peak oxidative potentials for dopamine
vs ascorbate, facilitating selective dopamine detection
(89, 91). Weng et al. electrodeposited gold clusters on
boron-doped diamond electrodes followed by self-as-
sembled monolayers of mercaptoacetic acid, and to-
gether, these modifications both enhanced the sepa-
ration of oxidative peak potentials between dopamine
and ascorbate and increased the limits of detection for
dopamine (92). Moreover, permselective films on boron-
doped diamond have been used to selectively detect
dopamine or serotonin in the presence of ascorbate
(93, 94). In the present study, selectivity for cations
was not an issue since we controlled the composition
of the extracellular solution containing serotonin.

We conclude that reduced SERT function is asso-
ciated with the short allele of the riS-HTTLPR in
peripheral blood lymphocytes isolated from adult rhe-
sus monkeys. Our results illustrate further the sensitivity
of chronoamperometry for differentiating serotonin
uptake rates. They also demonstrate the effective-
ness of boron-doped diamond microelectrodes for
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measuring serotonin uptake in peripheral cells natively
expressing SERT. However, a number of key questions
will need to be answered prior to determining whether
peripheral lymphocytes can be used as potential bio-
markers to reveal alterations in central SERT function
associated with genetic variability and/or antidepres-
sant responses in humans. First, are rh5-HTTLPR-
related differences in SERT function associated with
corresponding changes in SERT mRNA and/or protein
levels in rhesus lymphocytes? Second, are rhS-
HTTLPR-associated effects in the periphery paralleled
in the brain, or are the ramifications of the 5-HTTLPR
for anxiety-related personality traits and susceptibility
to stress-related psychiatric disorders based on develop-
mental central effects possibly interacting with adult
peripheral alterations in serotonin transport? Third,
how does the situation in rhesus monkeys compare to
that in humans? The rAS5-HTTLPR, in combina-
tion with electrochemical methods, provides many un-
ique advantages for investigating some of these
questions, including the possibility of carrying out
in vivo neurochemical studies to determine associations
between peripheral and central SERT function in mon-
keys (64, 89).

To understand at the molecular level factors that
influence susceptibility to anxiety disorders and depres-
sion, as well as drug mechanisms and efficacy, elucidat-
ing the effects of SERT polymorphisms, alone and in
combination, on SERT expression and function will be
necessary. Boron-doped diamond electrodes when used
in combination with voltammetry can be used to detect
modest change in serotonin uptake rates. Furthermore,
the application of these methods to peripherally acces-
sible tissues such as lymphocytes together comprise a
powerful system to explore and to understand inter-
neuronal chemical communication.

Experimental Procedures

Lymphocyte Preparations

Venous blood was collected from Chinese rhesus macaques
(Macaca mulatta) under anesthesia. Experimental protocols
strictly adhered to National Institutes of Health guidelines
and were approved by the University of Pittsburgh School of
Medicine Institutional Animal Care and Use Committee.
High molecular weight genomic DNA was isolated by stan-
dard methods, and genotyping of the rA5-HTTLPR was
carried out as described by Lesch et al. (47). Monkeys for
the present study were selected from a cohort of 42 animals
based on their r25-HTTLPR genotype. Study animals were
6.9 £ 0.1 years of age and weighed 7.8 &+ 0.4 kg at the time of
blood collection. Genotypes were N = 6 for //l, N = 3 for s/I,
and N =6 for s/s. Blood was collected from additional mon-
keys that had not been genotyped, and these blood samples
were mixed together. Lymphocytes isolated from this pooled
blood were used for protocol development and other experi-
ments that were not dependent on genotype.
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Peripheral blood lymphocytes were isolated from anti-
coagulated blood by Ficoll—Paque PLUS gradient centrifugation
according to the manufacturer’s instructions (GE Healthcare,
Piscataway, NJ). Whole blood was diluted with RPMI media
(Invitrogen Corporation, Carlsbad, CA) and added into
Accuspin tubes (Sigma Aldrich, St. Louis, MO) containing Ficoll
(GE Healthcare, Piscataway, NJ) and then centrifuged for
25—30 min at 900 g at room temperature. The entire top white
layer was collected in 5% RPMI media followed by centrifuga-
tion at 900g for 10 min. The supernatant was then resuspended in
10—20 mL of 10% RPMI. If detected, red blood cells were lysed,
and the samples were vortexed and rinsed with fresh 10% RPMI
and centrifuged for an additional 10 min at 900g. Cell pellets were
brought up in a freezing media (RPMI containing heat inacti-
vated fetal bovine serum and 10% dimethylsulfoxide) and were
placed at —20 °C for 1 h prior to freezing overnight in a
Mr. Frosty (Thermo Fisher Scientific, Rochester, NY) at
—80 °C. Long-term storage was in liquid nitrogen.

Representative frozen samples were thawed in assay buffer,
and cell type and cell survival were analyzed by flow cytometry.
Forward and side scatter plots indicated that cell populations
were predominantly lymphocytes containing a few monocytes
with no evidence of platelets or red blood cells. Trypan blue
exclusion was also used to assess cell survival (see below).
FElectrode Fabrication

Boron-doped diamond microelectrodes were fabricated
using previously described procedures (22). Briefly, boron-
doped diamond was deposited over chemically etched plati-
num wires using microwave-assisted chemical vapor deposition
(1.5 kW, 2.54 GHz, ASTeX, Woburn, MA) to produce
cylindrical electrode geometries. Boron doping was achieved
during the vapor deposition process by adding 10 ppm B,Hg to
0.5% CHy/H,. After deposition, each diamond-coated plati-
num wire was glued to a copper wire using silver epoxy, and the
joint was sealed in a polypropylene pipet tip using a heat gun.

Carbon fiber microelectrodes (CFMs) were prepared as
described previously with minor modifications (4, 6). Some
electrodes were coated with Nafion, a perfluorinated ion-
exchange polymer used to reduce fouling (57). Electrodes
were cleaned with isopropanol, and Nafion was applied by
dipping CFMs for 30 s followed by drying at 100 °C for 5 min
between coats. The coating process was repeated 6 times, and
coating effectiveness was evaluated by challenging electrodes
with 100 uM ascorbate. Only Nafion-coated electrodes with
selectivity for serotonin over ascorbate > 1000:1 were used in
subsequent experiments.

Reference electrodes were fabricated by electrochemically
coating silver wires (Alfa Aesar, Ward Hill, MA) with AgCIL.
Silver wires were immersed in 3 M HCI saturated with NaCl,
and a 9 V potential was applied for 5 min.
Electrochemistry

Cyclic voltammetry and high-speed chronoamperometry
were performed using a Universal Electrochemistry Instru-
ment and TarHeel CV software, version 1.0 (University of
North Carolina, Chapel Hill, NC). Chronoamperometry raw
data from the TarHeel CV software were further analyzed
using a custom software module, ChronoAmp, written in-
house. For chronoamperometry, a 1 Hz square wave
step potential was applied to the working electrode, which
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consisted of an oxidative potential at 0.8 V for BDD electrodes
or 0.55 V for CFMs, except where otherwise indicated. The
oxidative potential was applied for 100 ms followed by a 0 V
reductive potential for 100 ms (Figure 7B). The potential was
held at 0 V for an additional 800 ms to reduce fouling due to
serotonin and its oxidation products (delayed-pulse mode)
(95). Potentials were applied with respect to Ag/AgCl refer-
ence electrodes. The last 80 ms of the oxidative and reductive
phases representing faradaic current were integrated.

Integrated current values prior to the addition of serotonin
were defined as background current, while integrated current
after the addition of serotonin was defined as total current.
The oxidation and reduction currents due to serotonin (i.e.,
signal) were calculated by subtracting background currents
from total currents. Background-subtracted currents were
plotted with respect to time (Figure 7C). Noise was calculated
as the standard deviation of the background current measured
over 10 scans. Limits of detection were defined as the con-
centrations of serotonin needed to generate signals equivalent
to three times the noise values. In addition to background and
total current, the current for 80 ms just prior to the application
of the oxidative pulse was integrated to calculate the drift in
background current and voltage (IR) drop due to resistance in
the circuit. The drift current was subtracted from the oxidative
and reductive currents to minimize the contribution of elec-
trode drift and voltage drop to the determination of faradic
current resulting from serotonin.

For evaluation of responses to 10 uM serotonin by cyclic
voltammetry, BDMs or CFMs were held at —0.4 V with
respect to Ag/AgCl reference electrodes and scanned from
—0.41to 1.0 Vto —04 at 1 V/s every 10 s. Background and
oxidative currents were determined at the potential needed
to produce half maximal current in the presence of serotonin
(E) ) at the respective electrodes. All cyclic voltammograms
used to measure signal and background currents were aver-
aged over 10 scans.

Experiments were performed in 12-well polystyrene plates
(BD Biosciences, San Jose, CA). Reference and working
electrodes were carefully lowered into each well containing
assay buffer (150 mM NaCl, 5 mM KCI, 1.2 mM MgCl,,
5 mM glucose, 10 mM HEPES, and 2 mM CaCl,, pH 7.4) or
lymphocytes suspended in assay buffer, and the background
current was monitored (Figure 7A). Data collection began
when the background current stabilized, i.e., changes in
current were <0.1 nA for BDMs or <0.2 nA for CFMs for
a minimum of 100 s. The background current was then
recorded for 50 s followed by injection of serotonin into the
assay buffer. Solutions of lymphocytes or buffer were briefly
stirred, and the current was recorded for an additional 120 s
for calibration experiments or 1200 s for uptake experiments
without further stirring. Electrodes were calibrated prior to
each experiment against known concentrations of serotonin in
assay buffer (0.1—1 «M unless otherwise noted), and the
linearity of the responses were calculated. Electrodes were
also calibrated after each experiment to determine changes in
electrode sensitivity due to fouling.

Serotonin Uptake

Frozen lymphocytes (~10 million cells/mL) were thawed

by adding 12—15 mL of 37 °C assay buffer. Small volumes
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Figure 7. Chronoamperometry in lymphocytes. (A) Electrodes were immersed in solutions of lymphocytes that natively express the serotonin
transporter (SERT). Decreases in extracellular serotonin concentrations due to uptake into lymphocytes by SERT were monitored
electrochemically. (B) For chronoamperometry, a 1 Hz square wave step potential was applied to the working electrode for 100 ms. The current
produced during the last 80 ms of the oxidation pulse representing faradaic current was integrated and background subtracted, and used to
estimate the serotonin concentration present in the extracellular solution on a second-by-second basis. (C) Extracellular serotonin
concentrations were plotted against time. Uptake of serotonin by SERT resulted in a decrease in extracellular serotonin over time. Fitting these
data using an exponential decay function (red line) provides initial serotonin uptake rates.

(200 uL) of lymphocytes were used for counting live cells using
Trypan blue exclusion. On average, 75% of the cells were alive
after the thawing procedure. Lymphocytes were then centri-
fuged at 340g for 7 min. Pellets containing lymphocytes were
resuspended by gently vortexing in assay buffer to produce
final concentrations of 2—4 million cells/mL except where
otherwise noted. Prior to each experiment, numbers of live
cells were determined, and uptake rates were normalized per
million live cells. Solutions of lymphocytes were kept at 4 °C
for no more than 4 h before uptake experiments.

Immediately prior to measuring serotonin uptake, lymph-
ocytes were centrifuged at 340g for 7 min. Freshly oxygenated
assay buffer saturated with 95% 0,/5% CO, by bubbling the
gas mixture for at least 30 min was utilized at room tempera-
ture for all experiments. Cells were resuspended in an appro-
priate amount of assay buffer by gently vortexing. In some
experiments, frozen lymphocytes were thawed in oxygenated
assay buffer containing 150 mM LiCl substituted for NaCl.
Prior to measuring uptake, half of these lymphocytes
were resuspended in LiCl-substituted oxygenated assay
buffer and the other half in normal oxygenated assay buffer
to investigate Na*-dependent uptake. In other experiments,
divided solutions of lymphocytes were preincubated for
45 min with paroxetine (100 nM) in assay buffer or assay buffer
alone to investigate the effects of SERT inhibition on uptake.
Chemicals

Serotonin, paroxetine, Nafion, and chemicals for lympho-
cyte isolation were purchased from Sigma-Aldrich (St. Louis,
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MO). All chemicals used for assay buffer preparation were
purchased from VWR (West Chester, PA).
Data Analysis and Statistics

For chronoamperometry experiments, the first order rate
constant, b (s~ '), was determined by fitting serotonin clear-
ance data to the following exponential decay function (96):

(1)

where y is the serotonin concentration (uM) at any given time
(1), t, is the time (s) at the start of uptake, and 4 is the
concentration of serotonin («M) at ¢.

Initial serotonin uptake rates, v («M/s), were then calcu-
lated using the following formula:

y =1(0) = Ax e

v=bxA (2)
Uptake rates were determined to be not detectable (negligible
serotonin uptake) in cases where a < 10% decrease in current
occurred over 20 min after serotonin injection.

Data comparing two means were analyzed using two-tailed
unpaired 7-tests. One-way analysis of variance (ANOVA) was
used in cases where more than two means were compared,
followed by either Dunnett’s Multiple Comparison or Tukey’s
post hoc tests. Two-way ANOVA with repeated measures was
used to analyze calibration data using serotonin concentra-
tions as the repeated measure and to analyze fouling data with
treatment as the repeated measure. Calibration data were also
analyzed by multiple regression analysis and nonlinear curve
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fitting. All statistical analyses were performed using Graph-
Pad Prism v.4 for Mac (GraphPad Software, La Jolla, CA).
All values are expressed as means + standard errors of the
mean (SEMs), with differences of P < 0.05 considered statis-
tically significant. Significant differences are denoted in the
figures as *P < 0.05, **P < 0.01, ***P < 0.001, and "'P <
0.01.
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