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Serotonin [i.e., 5-hydroxytryptamine (5-HT)]-targeted antidepres-
sants are in wide use for the treatment of mood disorders, although
many patients do not show a response or experience unpleasant
side effects. Psychostimulants, such as cocaine and 3,4-methylene-
dioxymethamphetamine (i.e., “ecstasy”), also impact 5-HT signal-
ing. To help dissect the contribution of 5-HT signaling to the
actions of these and other agents, we developed transgenic mice
in which high-affinity recognition of multiple antidepressants and
cocaine is eliminated. Our animals possess a modified copy of the 5-
HT transporter (i.e., SERT, s/c6a4) that bears a single amino acid
substitution, 1172M, proximal to the 5-HT binding site. Although
the M172 substitution does not impact the recognition of 5-HT, this
mutation disrupts high-affinity binding of many competitive antag-
onists in transfected cells. Here, we demonstrate that, in M172
knock-in mice, basal SERT protein levels, 5-HT transport rates, and
5-HT levels are normal. However, SERT M172 mice display a substan-
tial loss of sensitivity to the selective 5-HT reuptake inhibitors flu-
oxetine and citalopram, as well as to cocaine. Through a series of
biochemical, electrophysiological, and behavioral assays, we dem-
onstrate the unique properties of this model and establish directly
that SERT is the sole protein responsible for selective 5-HT reuptake
inhibitor-mediated alterations in 5-HT clearance, in 5-HT1A autore-
ceptor modulation of raphe neuron firing, and in behaviors used
to predict the utility of antidepressants.

he biogenic amine serotonin [i.e., 5-hydroxytryptamine (5-

HT)] modulates a wide variety of physiological processes in the
brain and periphery (1-4). Whereas the actions of 5-HT are me-
diated by more than a dozen different receptors, 5-HT inactivation
is dictated largely by a single protein, the presynaptic 5-HT trans-
porter (i.e., SERT, SLC6A44). Recognition of the mood regulating
actions of 5-HT in the CNS and a desire to eliminate the side effects
of first-generation antidepressants led to the development of se-
lective 5-HT reuptake inhibitors (SSRIs), typified by fluoxetine
(Prozac) (5). Subsequent drug development resulted in more se-
lective SSRIs, including citalopram (Celexa), s-citalopram (Lex-
apro), paroxetine (Paxil), and sertraline (Zoloft), among others.
Although SERT blockade occurs within minutes of administration,
antidepressant efficacy arises only after many weeks of treatment
(6), leading some to question whether SERT inhibition is re-
sponsible for the beneficial actions of SSRIs. Indeed, despite their
high affinity for SERT, SSRIs have been found to interact with
many other proteins, including ion channels (7, 8), receptors (9),
signaling proteins (10-14), and transcription factors (15-17), con-
ceivably accounting for dose-limiting side effects and/or thera-
peutic actions (18). Finally, many patients treated with SSRIs have
a poor treatment course outcome or do not show a response and
may abandon treatment, with potentially life-threatening con-
sequences (5). Tools are needed that can clarify the role of SERT in
the actions of SSRIs and psychostimulants (and thereby 5-HT)
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in vivo. SERT-KO mice and rats (19-21) provide models for tests
of SSRIs action, as well as the SERT involvement of psychosti-
mulants (19-23). However, SERT-KO animals exhibit profound
compensatory alterations in 5-HT levels and 5-HT receptors, and
exhibit many behavioral changes (19, 20), limiting conclusions re-
garding drug specificity. Such issues encouraged us to establish
an alternative animal model in which SERT-dependent 5-HT
transport is unperturbed, but antagonist recognition is signi-
ficantly altered.

Based on hydrophobicity assessments and high-resolution
crystal structures of the SLC6 family member LeuTa,, SERT is
proposed to contain 12 transmembrane domains (TMs), four of
which—TMs 1, 3, 6, and 8—provide the key residues for ion and
substrate recognition (24-27). By using the pharmacological dif-
ferences displayed by human and Drosophila melanogaster SERTs
(hSERT and dSERT), we identified variation at a single residue
in TM3 (I172 in human and mouse, M167 in fly) proximal to the
proposed binding site for 5-HT (28). Remarkably, when we
substituted M172 for 1172 in hSERT and mouse SERT (mSERT)
c¢DNAs, we observed a significant, 100- to 1,000-fold reduction in
potency of many SERT antagonists in transfected cells without an
impact on basal 5-HT transport (28). Conversely, dSERT 1167
displayed increased potencies for these same drugs.

In this report, we describe the successful generation of knock-
in mice expressing SERT M172. We demonstrate that seroto-
nergic terminals from the brains of these mice, studied ex vivo
and in vivo, retain normal SERT protein expression and 5-HT
transport, and exhibit normal SERT-mediated 5-HT clearance.
In contrast, and as predicted by heterologous expression studies,
we observe markedly reduced sensitivity of SERT to multiple
SSRIs and cocaine. Neurochemical, physiological, and behav-
ioral studies validate the utility of the 1172M mice for dissecting

Author contributions: B.).T., T.J., LK.H., J.R.F.,, K.L.G,, P.J.G.,, AM.C, D.G.M., L.CD., and
R.D.B. designed research; B.J.T.,, T.J,, LK.H,, J.R.F, K.L.G, PJ.G.,, AM.C, R.EH,, P.J.C, and
Y.B. performed research; B.J.T., LK.H., K.L.G., PJ.G, AM.C, D.G.M,, L.C.D., and R.D.B.
analyzed data; and B.J.T,, T.J, LK.H,, JRF, K.L.G, PJ.G, AM.C, D.G.M,, LC.D., and
R.D.B. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
See Commentary on page 3463.

'Present address: Departments of Cellular and Structural Biology and Pharmacology, Uni-
versity of Texas Health Sciences Center, San Antonio, TX 78229.

2Present address: Department of Pharmacology, Physiology and Therapeutics, University
of North Dakota, Grand Forks, ND 58203.

3Present address: Department of Psychiatry and Behavioral Sciences, University of Ala-
bama at Birmingham, Birmingham, AL 35233.

“To whom correspondence should be addressed. E-mail: randy.blakely@vanderbilt.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1011920108/-/DCSupplemental.

PNAS | March 1,201 | vol. 108 | no.9 | 3785-3790

>
-
=
=
fre}
=
=
[=]
o
w
i}
w



mailto:randy.blakely@vanderbilt.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011920108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011920108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1011920108

L T

/

D\

the role of SERT and altered 5-HT signaling in the in vivo
actions of 5-HT reuptake inhibitors.

Results

SERT M172 Mice Display Normal Growth, SERT Expression, and
Saturation Uptake Kinetics. We subjected a genomic fragment
spanning exons 2 through 5 of the SERT gene, from a 129S6
mouse BAC clone, to site-directed mutagenesis with the engi-
neered mutation in exon 4, and a neomycin resistance (Neo')
cassette, flanked by lox-p sites, within intron 5 (Fig. S14). Fol-
lowing successful targeting of ES cells, generation of chimeric
animals, germline transmission of the SERT M172 variant, and
excision of the Neo' cassette (Fig. S1B), SERT M172 heterozygous
and homozygous mice were generated along with SERT 1172
littermates. SERT M172 homozygous offspring displayed normal
growth rates of both male and female animals [repeated-measures
ANOVA (RMANOVA), P > 0.05; Fig. S1 C and D], consistent
with a lack of interference of the M172 mutation on develop-
mental and adult SERT function and 5-HT signaling. Forebrain
synaptosomal SERT protein expression, normalized to p-actin
levels, also did not differ between SERT 1172 and SERT M172
mice (1172, 0.396 + 0.056 AU; M172, 0.469 + 0.058 AU; n = 11,
P > 0.05, two-tailed, unpaired Student ¢ test; Fig. S2 4 and B).
Finally, no statistically significant difference in forebrain synap-
tosomal 5-HT transport activity of SERT M172 compared with
SERT 1172 littermates was observed (I172, K;,, of 175.6 + 55.92
nM; Vi, 0f 4.474 + 0.500 pmol/mg protein; M172, K, of 248.5 +
73.43 nM; Vax of 5.827 + 0.667 pmol/mg protein: P > 0.05, un-
paired Student ¢ test for K, and V. Fig. S2C).

Synaptosomes of SERT M172 Mice Display Reduced Sensitivity to
Transporter Antagonists. Previously, our heterologous expression
studies demonstrated that the M172 substitution produces sig-
nificant reductions in the potency of multiple SSRIs, cocaine,
and cocaine analogues to inhibit 5-HT transport (28), despite the
retention of normal potency of substrates (e.g., 5-HT, 3,4-
methylenedioxymethamphetamine). Competition studies that
used forebrain synaptosomes from M172 mice produced very
similar results (Fig. 1 A-F). Thus, forebrain SERT M172 syn-
aptosomes demonstrated no change in the competitive potency
of unlabeled 5-HT to compete with [°H]5-HT transport, whereas
reductions of 10 to 1,000 fold were observed in the potency of
multiple SSRIs and cocaine. Also as seen with transfected cell
studies (28), the M172 substitution had no impact on the potency
of the SSRI paroxetine to compete with [*’H]S-HT transport.

Diminished SSRI-Mediated Inhibition of Serotonergic Neurons in Brain
Slices of SERT M172 Mice. Next, we sought to determine the impact
of the SERT M172 substitution on serotonergic synaptic trans-
mission. HPLC analysis of 5-HT, dopamine, and norepinephrine
levels in the forebrain and midbrain revealed no significant
changes in SERT M172 animals relative to SERT 1172 controls
(Table S1). We next sought to establish an impact of the SERT
M172 substitution on the synaptic actions of 5-HT. Whole-cell
patch recordings of neurons in the dorsal raphe provide a mea-
sure of SERT-mediated 5-HT clearance, which limits 5-HT1A
receptor-dependent suppression of neuronal firing rates (29, 30).
As illustrated in Fig. 2 A and B, baseline firing rates of dorsal
raphe neurons recorded from slices of SERT 1172 and SERT
M172 mice were indistinguishable. Furthermore, 5-HT applica-
tion led to an immediate and equivalent reduction in neuronal
firing in both genotypes. Following a 10-min washout protocol,
firing rates recovered to baseline levels over an equivalent time
course for 1172 and M172 animals. Finally, application of 1 pyM
citalopram to slices from SERT 1172 mice displayed the predicted
rapid reduction in neuronal firing. However, slices from SERT
M172 mice demonstrated little or no inhibition by citalopram
(Fig. 2 C and D; P < 0.05, RMANOVA between genotypes).
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Fig. 1. Competition uptake analysis of forebrain-derived synaptosomes. (A)
Serotonin, (B) paroxetine, (C) fluoxetine, (D) cocaine, (E) citalopram, and (F)
escitalopram were assessed for their ability to compete with [*H]5-HT up-
take. Fluoxetine, cocaine, citalopram, and escitalopram demonstrated sig-
nificantly reduced potencies in SERT M172 relative to SERT 1172
synaptosomes (n = 6-8 per drug; P < 0.05, one-tailed Student t test).

SERT M172 Mice Display Loss of SSRI Sensitivity in Vivo. To assess the
relative impact of the SERT M172 substitution on 5-HT trans-
port rates and sensitivity to antagonists in vivo, we pursued
amperometric recordings of 5-HT clearance in the CA3 region of
the hippocampus. In these studies, we determined that maximal
baseline 5-HT clearance rates did not differ significantly between
genotypes (Viax, 57.7 = 21.4 nM and 58.6 +5.0 nM, respectively;
Fig. 34), providing important in vivo evidence of a lack of
functional perturbation of the SERT M172 substitution as pre-
dicted from in vitro studies. Preinjection of citalopram or flu-
oxetine resulted in a significant reduction in 5-HT clearance
rates in SERT 1172 mice (Fig. 3 B and D and Fig. S34; P < 0.05,
two-way ANOVA with Bonferroni posttest), comparable to
those produced by elimination of SSRI-dependent 5-HT clear-
ance in the SERT-KO mouse (31). In contrast, citalopram and
fluoxetine injections at the same concentrations were without
effect on 5-HT clearance in the SERT M172 mice (Fig. 3 C and
D and Fig. S3B).

The altered sensitivity of SERT-mediated clearance of exoge-
nously applied 5-HT described earlier suggests that SSRIs should
also fail to elevate extracellular levels of endogenously produced
5-HT. To validate this hypothesis, we monitored extracellular
levels of 5-HT in the mouse brain of SERT 1172 and M172 mice
by using in vivo microdialysis. In Fig. 3E, we show that, whereas
injection of citalopram or fluoxetine (i.p., 20 mg/kg) induced
a rapid and sustained elevation (~300%) in extracellular 5-HT in
SERT I172 mice, these injections were without effect in SERT
M172 animals (P < 0.05, RMANOVA). No significant changes
were noted in dopamine or norepinephrine levels following these
manipulations in SERT 1172 or SERT M172 animals (Fig. S3 E
and F). The cumulative elevations of 5-HT across our sample
period produced by both citalopram and fluoxetine were also
significantly diminished by the SERT M172 substitution (P <
0.05, two-way ANOVA with Bonferroni posttest; Fig. 3F). Similar
results were observed with escitalopram, the active enantiomer of
citalopram (Fig. S3 C and D), following striatal microdialysis and
are included here to document a lack of regional specificity of
SSRI potency reductions.
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Loss of SSRI sensitivity for inhibition of tonic raphe neuron activity. (A and C) Time-dependent inhibition of dorsal raphe neuron activity by 5-HT or citalopramin

SERT1172and M172 mice. (B and D) Exemplary baseline and drug-modulated firing of dorsal raphe neurons in midbrain slices from SERT 1172 and M172 mice. Inresponse
to 40 uM 5-HT, raphe neuron firing was inhibited to an equivalent extent in either genotype. In response to 1 pM citalopram, SERT 1172 neurons exhibited a rapid
reduction in firing rate, whereas SERT M 172 neurons were significantly less sensitive to citalopram [two-way RMANOVA, n=4(1172)and n=5 (M172); *P < 0.05vs.1172].

SERT M172 Reduces Impact of SSRIs on Behavior. Although the
therapeutic actions of antidepressants in humans require weeks of
administration, the potential clinical efficacy of these compounds
can often be gauged by behavioral alterations in rodents after
acute administration (32, 33). Two commonly used tests for
assessing a drug’s potential antidepressant efficacy are the tail-
suspension test (TST) and the forced swim test (FST). The de-
pendent variable in these tests is the struggling behavior of a ro-
dent when subjected to an inescapable stressor (e.g., a brief
suspension by the tail or temporary placement in a cylinder of
water). In the TST, citalopram exhibited only a modest ability to
reduce immobility in SERT 1172 mice and thus achieved only
a suggestive level of significance in comparison with saline solution
treatment (P = 0.076, one-sample ¢ test; Fig. 44). We achieved
a much greater response to citalopram and other SSRIs in the FST
(Fig. 4B). It should be noted that the 1172 animals on a 12956/S4
background respond with a significant increase in immobility
when treated with citalopram rather than a decrease (Fig. 4B; P <
0.01, Tamhane T2 pairwise comparison). Similar effects were seen
in the 1172 mice with fluoxetine (P < 0.05) and paroxetine (P <
0.05). Importantly, neither citalopram nor fluoxetine produced
a behavioral response in SERT M172 mice, whereas paroxetine
produced the same response in both 1172M and M172 mice.

Discussion

The data presented here document altered pharmacological
properties, both ex vivo and in vivo, of SERT M172 mice as pre-
dicted from previous in vitro heterologous expression studies (28),
without an impact on SERT protein expression or transport
function. An important control for our studies is the SSRI
paroxetine, which retains normal potency for SERT blockade. We
suspect the inability of the SERT M172 substitution to reduce
paroxetine potency reflects a distinct orientation of paroxetine

Thompson et al.

compared with other SSRIs in the 5-HT binding pocket, particu-
larly given that high-affinity SSRI recognition at SERT can be
strongly influenced by relatively small changes in transporter
structure (34). SERT M172 cell lines should be useful in further
exploring the physical basis of interactions of different anti-
depressants in vitro (26), whereas the SERT M172 mice should
help define the requirements for SERT and 5-HT signaling in the
in vivo actions of antidepressants and cocaine. Although significant
evidence supports a primary role for the 5-HT transporter in the
reinforcing properties of psychostimulants (35-37), SERT block-
ade also appears to contribute to reinforcement (38-40). Indeed,
SERT appears to be primarily responsible for the sustained rein-
forcing properties of cocaine in the 5-HT transporter—-KO mouse
(22,23,39-41). The significant compensatory alterations evident in
5-HT transporter—-KO mice encouraged Chen and colleagues (42,
43) to develop a mouse bearing knock-in mutations in 5-HT
transporter that, in vitro, reduced cocaine potency. Studies with
these mice have yielded convincing evidence that 5-HT transporter
is a key determinant of many synaptic and behavioral actions of
cocaine. Likewise, the M172 mice should provide evidence as to
what roles SERT blockade plays in the initiation of addiction to
psychostimulants and/or the negative features associated with drug
withdrawal in the context of normal 5-HT transporter expression.

Our assessment of SSRI actions on behavior in the SERT M172
mice focused on acute tests that have proven to be predictive of
antidepressant efficacy (32, 33), as opposed to the more chronic
actions of antidepressants thought to model the therapeutic course
of SSRI action in man. Future studies will use the SERT M172
mice in tests that require chronic antidepressant treatment, such as
novelty-induced food neophobia and hippocampal stem cell pro-
liferation (44, 45). The 12956/S4 background on which our SERT
M172 substitution resides derives from our use of popular 12956-
derived ES cells for gene targeting and a cross to 12954 mice that
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Fig. 3. In vivo analysis of SERT-mediated 5-HT clearance and extracellular 5-HT. (A-D) 5-HT clearance measured in the CA3 region of the hippocampus by in
vivo amperometry. (A) Baseline clearance rates do not differ between SERT 1172 and M172 animals (n = 6 per group; apparent Vimax, 57.7 + 21.4 nM and 58.6 +
5.0 nM, respectively). (B) Preapplication of 20 pmol citalopram results in delayed 5-HT clearance in the SERT 1172 animals (P < 0.05, Student t test). (C)
Preapplication of 20 pmol citalopram has no impact on 5-HT clearance rates in the M172 animals. (D) Percent change in Tgo 5-HT clearance time (time for
signal to decline by 80% of peak signal amplitude) in comparison with baseline Tgo. 1172 SERT mice displayed an increase in the 5-HT Tg, clearance time in
response to citalopram and fluoxetine, whereas M172 mice did not (*P < 0.05 and ***P < 0.0001 vs. saline solution controls, two-way ANOVA with Bonferroni
post-tests; n = 4-8). (E and F) Measurements of extracellular 5-HT by in vivo microdialysis. (E) Time course of the effects of citalopram and fluoxetine ad-
ministration (20 mg/kg i.p.) on extracellular 5-HT concentrations in the hippocampus of SERT 1172 or M172 mice (n = 3-5 for each genotype). SERT 1172 mice
display increased extracellular levels of 5-HT in response to citalopram, whereas SERT M172 mice do not (P < 0.05, two-way RMANOVA). Values are the
mean + SEM of the percent of predrug baseline. Arrow indicates administration of SSRIs at 80 min. (F) Cumulative elevations of 5-HT across 120-min sample
period, expressed as area under the curve, were significantly diminished in the SERT M172 substitution relative to SERT 1172 littermate values (*P < 0.05 and
**%P < 0.0001 vs. 1172, two-way ANOVA with Bonferroni post-tests).

express Cre 129-based mouse models have been shown by othersto  loss of response to citalopram and fluoxetine, with no loss of re-
respond poorly to SSRIs (46, 47), or as we show in the FST, in an  sponse to paroxetine. The direction of the response to citalopram
opposite direction, relative to other mouse and rat models (48). In  and fluoxetine in promoting immobility, rather than reducing it, has
the TST, meager responses to SSRIs were seen with the SERTI172  been noted by others by using mice on a related 129/Svemj back-
line. We did obtain evidence for a small, but consistent, reduction ~ ground (48). In contrast, it has been reported that mice on the
in immobility with citalopram, whereas SERT M172 mice dis- 129Sv substrain display decreased immobility in response to cit-
played no such effects. In the FST, we were able to document alopram treatment (49), further documenting the behavioral var-
amuch stronger SSRI effect and here could document a significant  iations evident across inbred mouse lines (46, 48). The action of
SSRIs in the 129 S6/S4 background of our model is not the typical
direction monitored for SSRI effects in the FST in many other
strains. However, this test is agreed to be of operational use only in

'j B S predicting antidepressant utility, as opposed to a test for mood
£ n2 w72 W - i alterations, and as such we believe the directionality of responses to
g 0o = : drugs is less important than the demonstrated loss of SSRI sensi-
£ :g £8 tivity. It is interesting to speculate that the enhanced immobility
8 s ge produced by SSRIs in our model may reflect the anxiogenic nature
5 100 = €8S experienced by human subjects within the first few days of SSRI
o &\ & & . . . . .
= &P & & S ac.imlnlst.ratlolll (50, 5.1), .that, if validated, presents a novel para-
e digm to identify medications that can ameliorate this undesirable

Fig. 4. Behavioral response of SERT M172 mice to acute SSRI administration. effect .Of many SSRIs. Flnally., we are ba.ckcross.u.lg the SERT 1.172
(A) Immobility of mice in the TST. Immobility of 172 SERT and M172 SERTmice ~ Mutation to other mouse strains to provide additional perspectives
was assessed in a 6-min TST performed 30 min after i.p. injection of saline  on the role SERT plays in the behavioral actions of SSRIs.
solution or 20 mg/kg citalopram (n = 20, 1172; and n = 17, M172). (B) Time For more than 20 y, the actions of antidepressant molecules
immobile in the last 4 min of a 6-min FST. 1172 SERT mice responded with  ith high affinity for SERT have been interpreted as arising from
significant increases in immobility in response to treatment with paroxetine, blockade of the 5-HT transporter. We have not attempted to
fluoxetine, or citalopram. In contrast, SERT M172 animals showed a signi- . . . .

ficant increase in immobility only in response to paroxetine, as predicted reprOduce all the actions evident in rodents treated with SSRIs,
from in vitro pharmacological studies (n = 8-10; *P < 0.05 and **P < 0.01,  NOI tested the. full. spectrum of molecules whose potency for
Kruskal-Wallis test followed by planned contrasts with Tamhane T2 pair- SERT antagonism is shifted. Nonetheless, the data we obtained
wise comparisons). with the SERT M172 mice, gained across a spectrum of in vitro
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and in vivo neurochemical, physiological, and behavioral para-
digms, demonstrates how gene products whose activities have
never been, or cannot presently be, monitored can be eliminated
from consideration (to the limit afforded by rodent models). It
is now possible to secure comparable data on SSRI actions in
chronic studies, to test whether lifelong changes in behavior
following neonatal SSRI action derive from SERT, and to tease
out the role of SERT in mixed action drugs such as cocaine.

Methods

Generation of mSERT lle172Met Knock-in Mice. All animal studies were per-
formed in accordance with protocols approved by the respective institutions’
(Vanderbilt University or University of Texas Health Science Center at San
Antonio) animal use and care committees. To introduce the M172 allele into
mice, a targeting construct carrying this substitution was created using
exons 2 to 4 of the mouse 12956 strain Slc6a4 gene and the s/c6a4 locus of
12956 ES cells was targeted in the Vanderbilt University Transgenic Mouse/
Embryonic Stem Cell Shared Resource Facility (SI Methods). Heterozygous
breeders were used to generate mice homozygous for the SERT M172 sub-
stitution and homozygous SERT 1172 littermate control animals.

Synaptosomal Uptake. Synaptosomes were prepared as described previously
(52) with 5-HT transport activity assessed at 37 °C as previously described
(53). For competition uptake assays, samples containing 25 to 100 pg were
incubated in duplicate with 20 nM [3H]5-HT and varying concentrations of
nonradioactive inhibitors, obtained either directly from the pharmaceutical
supplier or Sigma. For saturation uptake assays, samples were incubated
with increasing concentrations of 5-HT containing 2.5% [3H]5-HT as a tracer.
Parallel saturation studies were performed in the presence of 1 uM parox-
etine and the residual counts for each concentration were subtracted from
the experimental curve.

Electrophysiologic Slice Preparation and Recordings. For electrophysiology
experiments, mice were euthanized by decapitation, and brains were removed
and blocked in cold sucrose-substituted saline solution. The solutions and
procedures used are detailed in a previous publication (54). Briefly, coronal,
midbrain slices (200 pm) containing the dorsal raphe nucleus were cut on
a Vibroslicer at 4 °C to 10 °C and maintained in 50% sucrose saline/50%
normal saline solution for 10 min at room temperature followed by 100%
normal saline solution maintained at 34 + 0.5 °C. Neurons were visualized
with an Axioskop microscope (Carl Zeiss) equipped for near-IR digital image
correlation. Extracellular patch electrodes with a pipette resistance of 3 to 5
MQ were filled with filtered, normal Hepes solution (54). Firing rate fre-
quency was measured as the average of a 30-s recording. All neurons were
treated first with 5-HT (40 uM) for 2 min, followed by a 5-min application of
citalopram (1 puM). At least 10 min between each treatment allowed for
complete firing rate recovery, and the order of the SSRIs were counter-
balanced. All solutions contained 3 pM phenylephrine hydrochloride and 40
uM L-tryptophan to maintain the spontaneous firing rate in the absence of
noradrenergic tone and tryptophan availability (55). Data were analyzed for
each drug by using a two-way RMANOVA.

In Vivo Chronoamperometry. In vivo chronoamperometry with carbon fiber
electrodes (30 um diameter) was carried out according to the methods de-
scribed previously (56) and is described in greater detail in S/ Methods. The
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electrode-micropipette recording assembly was lowered into the CA3 region
of the dorsal hippocampus [anteroposterior (AP), —1.94 from bregma;
mediolateral (ML), +2.0 from midline; dorsoventral (DV) —2.0 from dura] of
anesthetized mice. To assess 5-HT clearance kinetics, 5-HT was pressure-
ejected in increasing volumes to attain signal amplitudes matching in vitro
calibration standards of approximately 0.5 to 10 pM. The sequence of 5-HT
signal amplitudes was randomized between each mouse. To examine the
effect of citalopram and fluoxetine on 5-HT clearance, exogenous 5-HT was
intrahippocampally applied by pressure-ejection to attain at least three
replicate signals with peak amplitudes within the range of 0.5 to 1.0 pM,
conditions at which we find that 5-HT clearance is predominantly SERT-
mediated (31, 57). Citalopram (20 pmol) or fluoxetine (54 pmol) was then
applied via the same route to the CA3 region of hippocampus. Two min later
and then at 5-min intervals thereafter, 5-HT was delivered again until the
drug effect dissipated and the signal returned to pretreatment baseline.

In Vivo Microdialysis. Mice were anesthetized with isoflurane and placed in
a stereotaxic frame using mouse-specific ear bars (Kopf Instruments). A guide
cannula (CMA7) was placed 1 mm above the dorsal hippocampus (AP, —1.94
from bregma, + 2.0 ML and —1.0 DV from dura) and secured to the skull with
epoxy adhesive (Plastics One). After an overnight recovery from surgery,
animals were placed in individual dialysis chambers and dialysate fractions
were collected every 20 min and stored at —80 °C until analysis by HPLC/
electrochemical detection (S/ Methods provides additional details).

Behavioral Studies. TST. Mice were tested as previously described (58). Briefly,
mice were injected intraperitoneally, 30 min before a 6-min TST, with 0.9%
saline solution or citalopram (20 mg/kg, 10 ul/g body weight). Mice were
suspended by taping the tail to a vertical aluminum bar connected to
a strain gauge. Time immobile in a 6-min TST was recorded by an automated
testing apparatus (Med Associates). The following settings were used:
threshold 1, 7; gain, 8; time constant, 0.25; and resolution, 200 ms. The time
immobile in the last 4 min of the test was analyzed by using the Student
t test. A P value lower than 0.05 was considered to be significant.

FST. Mice were injected with saline solution, fluoxetine, citalopram, or
paroxetine 30 min before testing. Mice were subjected to a 6-min FST by
placing them in the center of a 15-cm-diameter cylinder filled with water (25—
27 °C) to a depth of approximately 15 cm. Mice were considered to be im-
mobile when making only movements required to maintain balance. The
time immobile in the last 4 min of the test was recorded. As immobility data
for the FST violated the assumption of homogeneity for the drug factor
[Levene (3,62) = 3.6; P < 0.05]. We used a nonparametric Kruskal-Wallis test
followed by planned contrasts with Tamhane T2 pairwise comparisons to
compare genotype at each level of drug as well as saline solution versus each
SSRI for each genotype. The omnibus test was significant [y%(7) = 21.2; P <
0.01], and post-hoc analysis revealed a genetic difference for citalopram (P <
0.05), and drug effects (vs. saline solution) for all three SSRIs given to 1172
mice (P < 0.05) and for paroxetine only when given to M172 mice (P < 0.05).
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