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Serotonin (5HT) is a critical modulator of neural circuits that
support diverse behaviors and physiological processes, and mul-
tiple lines of evidence implicate abnormal serotonergic signaling in
psychiatric pathogenesis. The significance of 5HT underscores the
importance of elucidating the molecular pathways involved in
serotonergic system development, function, and plasticity. How-
ever, these mechanisms remain poorly defined, owing largely to
the difficulty of accessing SHT neurons for experimental manipu-
lation. To address this methodological deficiency, we present a
transgenic route to selectively alter 5SHT neuron gene expression.
This approach is based on the ability of a Pet-1 enhancer region to
direct reliable 5HT neuron-specific transgene expression in the
CNS. Its versatility is illustrated with several transgenic mouse
lines, each of which provides a tool for 5HT neuron studies. Two
lines allow Cre-mediated recombination at different stages of SHT
neuron development. A third line in which 5HT neurons are marked
with yellow fluorescent protein will have numerous applications,
including their electrophysiological characterization. To demon-
strate this application, we have characterized active and passive
membrane properties of midbrain reticular 5HT neurons, which
heretofore have not been reported to our knowledge. A fourth line
in which Pet-1 loss of function is rescued by expression of a Pet-1
transgene demonstrates biologically relevant levels of transgene
expression and offers a route for investigating serotonergic pro-
tein structure and function in a behaving animal. These findings
establish a straightforward and reliable approach for developing
an array of tools for in vivo and in vitro studies of 5HT neurons.

Cre recombinase | pet-1 | transgenic | yellow fluorescent protein |
monoamine

S erotonin (SHT) is a transmitter of broad relevance to
nervous system development and function (1-4). Serotoner-
gic pathways innervate most cytoarchitectonic structures of the
CNS, and accordingly they have been implicated in the modu-
lation of circuitry involved in nearly all behaviors and physio-
logical processes (3, 5-7). Additionally, SHT neurotransmission
is modulated through abundant afferent information arising
from, for example, other monoaminergic systems (8, 9) and from
orexinergic, glutamatergic, and GABAergic pathways (10-12).
The remarkably expansive neuromodulatory influence of SHT is
the product of a complex transcriptional cascade that generates
SHT-synthesizing neurons in the ventral hindbrain (13-18). SHT
also figures prominently in mental health disorders as a number
of lines of evidence provide strong support for the hypothesis
that altered serotonergic signaling contributes to neurological
and psychiatric pathogenesis (19-22). Despite considerable
progress in understanding the importance of SHT neurotrans-
mission, however, the mechanisms governing SHT neuron de-
velopment and the precise physiological roles of SHT in the
modulation of CNS circuitry are not yet clear.

Studies of SHT neurons are hindered by their small numbers
and scattered distributions in the brain. Moreover, experimental
perturbation of SHT neuron function has relied almost exclu-
sively on the use of dietary or pharmacological means to either
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deplete SHT or alter SHT neurotransmission (4). Although these
approaches have contributed significantly to our understanding
of the SHT transmitter system they are often complicated by
peripheral effects, variable levels of depletion, lack of target
specificity, effects unrelated to depletion of SHT, and in some
instances unclear mechanisms of action (23-26). An additional
critical shortcoming is the inability to selectively alter SHT
neuron gene expression. Recent gene-targeting studies of SHT
neurons are also limited in that most of the targeted genes
reported to date are ubiquitously expressed and play essential
roles in early development. Consequently, propagation of their
homozygous null alleles in the mouse results in embryonic or
early postnatal death (13, 17). Thus, an approach to conveniently
alter gene expression in a SHT neuron-specific manner would
greatly facilitate studies of the SHT transmitter system.

Here, we present a general strategy for manipulating SHT
neuron-specific gene expression by using a transgenic-based
approach. This approach relies on the SHT neuron-specific
expression pattern of the Pet-1 ETS gene. Pet-1 is expressed in
all mid-hindbrain SHT-synthesizing neurons, and its embryonic
expression precedes the appearance of serotonergic-specific
traits. Moreover, in contrast to other serotonergic-related genes,
such as the SHT transporter (27), Pet-1 transcription in the brain
is restricted to SHT neurons and their postmitotic precursors
(28). We recently identified an enhancer region upstream of
mouse Pet-1-transcribed sequences that is able to accurately
recapitulate the spatiotemporal pattern of Pet-1 expression in
the brain. Importantly, the Pet-1 enhancer (ePet) region can
direct highly reproducible SHT neuron-specific transgene ex-
pression with little or no ectopic expression among independent
founder lines (29). We describe several transgenic lines that
demonstrate the reliability and general utility of the ePet region
for development of serotonergic tools. The tools described here
and additional ones that can now be generated will greatly
increase the accessibility of SHT neurons for investigations of
SHT neuron development, function, and plasticity in culture and
behaving animals.

Materials and Methods

Transgenic Mice. ePet-Cre and ePet-enhanced yellow fluorescent protein
(EYFP). LacZ was removed from BGZA reporter (30) and re-
placed with 5'-Narl, Agel, Mlul, AfIII, HindIII-3’ polylinker. A
Cre recombinase cDNA and simian virus 40 polyadenylation
sequence (gift from Stephen O’Gorman, Case Western Reserve
University) or EYFP coding sequences from pEYFP containing
a polyadenylation signal (Clontech) were subcloned downstream
of the B-globin minimal promoter by using the Agel and AflII
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sites. The B-globin/Cre recombinase/poly(A) and B-globin/
EYFP/poly(A) regions were then released from the B-globin
lacZ reporter by Eagl digestion and subcloned downstream of
the 40-kb ePet genomic fragment present in the modified
pBACe3.6 vector (29).

ePet-Pet. A 7.7-kb Pacl/EcoRI genomic fragment whose se-
quences include the entire mouse Pet-1 gene including its own
poly(A) sequences was subcloned downstream from the 3-globin
minimal promoter in the Pacl/EcoR1 sites of a modified
B-globin lacZ reporter (30) in which the lacZ gene was removed.
The B-globin/Pet-1 sequences were then subcloned downstream
of ePet present in pBACe3.6 after modifying the NotI site with
the polylinker 5'-Notl, Rsrll, NotI-3'. All transgenes were
released from vector with an Rsrll digest. Transgenes were
purified for pronuclear transgenesis (31) and then injected into
hybrid ¢57B6/SJL F1 or Pet-1 null zygotes. The ePet-Pet trans-
gene was injected into Pet-17/7- or Pet-1*/~-fertilized eggs in
present in a mixed C57BL/6 and 129 background.

Histology. Fluorescence immunohostochemistry and X-gal stain-
ing were performed as described (29). Horseradish peroxidase
reactions to visualize anti-tryptophan hydroxylase (TPH) stain-
ing were performed following the Vectastain ABC kit protocol
(Vector Laboratories) and visualized with SigmaFast diamino-
benzidine tablets (Sigma). Fluorescent images were collected on
an Olympus (Melville, NY) BX51 microscope with a Spot R/T
color digital camera. Confocal images were obtained with a Zeiss
LSM 410 confocal laser microscope with an argon/krypton laser
(excitation 488 nm) and a X25 Plan-Neofluar numerical aper-
ture, 0.81-mm Korr, oil objective. Postprocessing of certain
images was performed with PHOTOSHOP (Adobe Systems, Santa
Clara, CA).

Electrophysiology. Coronal slices (250—-300 wm thick) through the
median raphe nuclei were prepared from P14-18 mice by using
a modified Leica VT1000S vibrotome. Slices were incubated at
30°C for 25 min then maintained at room temperature until
needed. Whole-cell patch-clamp recordings were made in B9
neurons visualized under IR-differential interference contrast
and epifluorescence optics (Zeiss Axioskop 1 FS) with an
Axopatch 1D amplifier (Axon Instruments). During recordings,
slices were superfused with artificial cerebrospinal fluid that
contained 124 mM NaCl, 3 mM KCl, 1.23 mM NaH;PO,, 26 mM
NaHCO3, 10 mM dextrose, 2.5 mM CaCl,, and 1.2 mM MgSO,,
equilibrated with 95% 0O,/5% CO, and warmed to 30°C (flow
rate, 1-2 ml/min). Patch electrodes (3- to 5-M() resistance)
contained 140 mM K-methylsulfate, 4 mM NaCl, 10 mM Hepes,
0.2 mM EGTA, 4 mM MgATP, 0.3 mM Naz;GTP, and 10 mM
phosphocreatine. Voltage records were low-pass-filtered at 2
kHz and then digitized at 5 kHz by using a 16-bit A/D converter
(ITC-18, Instrutech, Mineola, NY) with custom software. Input
resistance was calculated from the response to small amplitude
hyperpolarizing steps. Membrane potentials indicated are not
corrected for the liquid junction potential. Data are presented as
mean = SEM.

Results

Construction of ePet Transgenes. Our previous studies showed that
ePet sequences carried on a 40-kb but not a 12-kb genomic fragment
were able to direct reproducible SHT neuron-specific transgene
reporter expression among several individual founders (29). Thus,
our strategy for construction of SHT neuron-specific transgenes
depends on the larger genomic fragment, which necessitates their
propagation as bacterial artificial chromosomes by using the
pBACe3.6 vector (32). ePet transgenes are made by using a
two-step procedure in which a cDNA or gene sequence is subcloned
into a shuttle vector to supply the B-globin minimal promoter
followed by subcloning of 3-globin/coding region sequences down-

Scott et al.

Fig. 1. ePet-Cre. (A) Whole-mount X-gal stain showing LacZ expression
directed by ePet-Cre in adult R26RePet-Cre brain. Black arrowheads, dorsal and
median raphe. Asterisk, ventral medullary raphe. (B-/) ePet-Cre activity is
restricted to developing and adult 5-HT neurons. Colocalization (D and G) of
TPH (B and E) (FITC, anti-TPH 1:200) and B-gal (C and F) (Texas red, anti-p-gal
1:5,000) in B7 dorsal raphe nucleus (B-D) and B2 raphe obscurus nucleus (E-G).
(Hand /) Colocalization of Cre recombinase (FITC, anti-Cre recombinase 1:100)
with 5-HT (Texas red, anti-5-HT 1:10,000) in rostral (H) and caudal (/) E12
hindbrain. (Scale bars: 800 um, A; 50 um, B-1.)

stream of ePet in pBACe3.6 (see Materials and Methods). To
demonstrate the general utility of ePet transgenes we describe
several lines, each of which will have unique applications for in vitro
and in vivo studies of SHT neurons.

ePet-Cre. A line expressing a site-specific recombinase (33) in a
serotonergic-specific manner would provide a powerful tool for
manipulation of SHT neuron chromosomal DNA. Therefore, an
ePet-Cre transgene was prepared for pronuclear transgenesis
and several ePet-Cre founders were obtained, each of which
expressed Cre recombinase in the midbrain raphe (data not
shown). To determine whether ePet-Cre is able to excise DNA
specifically in SHT neurons one of these founder lines was
crossed to the ROSAR26R indicator strain (34) to generate
R26RePet-Cre mice. Brains obtained from R26R¢Pet-Cre mice were
examined for LacZ expression by using X-gal histochemical
detection. Strong LacZ expression was detected in the midbrain,
which corresponded to the location of the dorsal and median
raphe nuclei (Fig. 14, arrowheads). LacZ expression was also
present in the ventral medulla where caudal raphe nuclei are
located (Fig. 1A, asterisk). Additional analyses of sections
processed for X-gal staining revealed LacZ expression in all
serotonergic nuclei but not elsewhere in the brain, spinal cord,
or retina (Fig. 14 and Table 1). To determine whether or not
ePet-Cre-induced LacZ expression was restricted to SHT neu-
rons, sections were processed for double immunostaining with
an anti-TPH and anti-B-gal antisera. Importantly, there was an
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Table 1. ePet-Cre directed ROSA expression pattern

Brain
5HT neuron ++++
Other —
Spinal cord
Retina -
Adrenal gland -
Enterocytes
Pancreas
Heart
Kidney
Bone marrow -
Liver
Skin +
Superior cervical ganglion -
Cardiac neural crest +

I+ o+

Data were obtained from surveys of individual adult organs and E16
embryonic sagittal sections.

apparent complete concordance between TPH+ cells and
B-gal+ ones in each of the midbrain (Fig. 1 B-D) and medullary
(Fig. 1 E-G) serotonergic nuclei, suggesting that Cre-mediated
excision of the ROSA locus occurred in all SHT neurons. These
findings demonstrate that ePet-Cre-mediated recombination is
restricted to SHT neurons in the CNS, and therefore even
transient ePet activity was not evident outside of the SHT neuron
population.

We next sought to determine the onset of ePet-Cre-directed Cre
expression by coimmunostaining sections of embryonic hindbrain
with anti-Cre recombinase and anti-SHT antisera. This analysis
revealed Cre+ cells in the rostral hindbrain at embryonic day (E)
12.5 and then at E13.5 in caudal hindbrain (Fig. 1 H and I). Most
of these Cre+ neurons were not yet SHT+. These findings are
consistent with the onset of endogenous Pet-1 expression and ePet
activity preceding the appearance of SHT in the rostral and caudal
hindbrain (15, 28, 29). The onset of ePet-Cre expression before the
appearance of SHT indicates that it can be used for gene targeting
during SHT neuron differentiation.

To determine whether ePet-Cre-directed excisions occur out-
side of the brain we examined LacZ expression in a general
survey of R26RePe-Cre whole E16 embryo sagittal sections and
sections of adult R26RePet-Cre tissues. This analysis revealed lacZ
expression in only small numbers of cells in the skin, gut,
pancreas, and cardiac neural crest (Table 1).

A second ePet-Cre founder line, ePet-Cre-2, was also char-
acterized in which recombination was delayed and occurred in a
subset of SHT neurons. We have not determined the reason for
these expression characteristics but they might be caused by
genomic insertion site or lower transgene copy number. In
contrast to R26RePet-Cre mice (Fig. 2 A and B), recombination in
R26RePet-Cre-2 wag barely detectable at E16 in either the rostral
or caudal R26RePet-Cre2 hindbrain (Fig. 2 C and D), by which
time SHT neuron differentiation has ceased. Maximal levels of
recombination generated with ePet-Cre-2 occurred at E18 in
both the R26RePet-Cre2 rostral and caudal domains (Fig. 2 E and
F). However, recombination was detectable in only ~50-70% of
SHT neurons in each of the adult serotonergic nuclei (Fig. 2 G
and H). These findings suggest the ePet-Cre-2 line will be useful
for investigation of gene function in a subset of SHT neurons
after their differentiation is complete.

ePet-EYFP. A line in which SHT neurons are genetically marked
with a fluorescent indicator will have a number of in vivo and in
vitro applications. Thus, we prepared an ePet-EYFP transgene to
develop a line in which SHT neurons express EYFP (35). Several
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Fig.2. ePet-Cre-2 directs delayed recombination in a subset of 5HT neurons.
(A-F) X-gal staining with neutral red counterstain of ROSA R26RePet-Cre em-
bryos in E15 rostral (A) and E15 caudal (B) or ROSA R26RePet-Cre-2 in E16 rostral
(Q), E16 caudal (D), E18 rostral (E), and E18 caudal (F) hindbrain. The asterisk
in D shows small numbers of LacZ-positive cells at E16 in caudal ROSA
R26RePet-Cre-2 hindbrain. (G) Coimmunostaining with anti-TPH (FITC, anti-TPH
1:200) and anti-B-gal (Texas red, anti-B-gal 1:5,000) shows mosaic pattern of
recombination directed by ePet-Cre-2 in the P60 adult. (H) High magnification
of boxed area in G. (Scale bars: 100 um, A-F; 50 um, G; and 25 um [.)

ePet-EYFP founders were obtained, and in each EYFP fluo-
rescence was observed in mid-hindbrain raphe. One of these
lines was selected for detailed analysis of the EYFP expression
pattern. As expected from the expression patterns of ePet-lacZ
(29) and ePet-Cre (Fig. 1) EYFP fluorescence was restricted to
cells in the raphe and cells scattered in the midbrain and
medullary reticular formation (Fig. 3 4 and E and data not
shown). Immunostaining with an anti-TPH antibody showed
that EYFP fluorescence was confined to SHT neurons (Fig. 3
B-D). Confocal imaging of dissociated medullary tissue showed
the presence of EYFP fluorescence throughout the entire sub-
structure of the neuron, including cell body, processes, and
growth cones (Fig. 3F).

An obvious application of the ePet-EYFP line will be elec-
trophysiological characterization of SHT neurons in whole slice
and dissociated cultures. To begin to demonstrate this applica-
tion, brainstem slices of ePet-EYFP mice were prepared for
whole-cell patch-clamp recordings with combined epifluores-
cent and IR /differential interference contrast visualization. We
chose to study supralemniscal SHT neurons within the B9 group
(36) as the active and passive membrane properties of these cells
have not been reported to our knowledge. SHT neurons located
in the midbrain B9 area generated a characteristic electrophys-
iological phenotype, observed in five of six EYFP-positive
neurons. This phenotype included high input resistance (951 =
100 MQ; n = 5), long-duration membrane time constant (75.0 +
6.7 ms), and a large-amplitude (23.3 = 1.6 mV) spike afterhy-
perpolarization (Fig. 44). EYFP-positive neurons displayed
repetitive firing with instantaneous firing rates that varied
linearly with current step amplitude (Fig. 4 B and C). Firing rates
adapted rapidly during step responses (Fig. 4D). A sixth EYFP-
positive neuron in B9 generated intrinsic responses that were
distinct from this phenotype, including lower input resistance
(380 M), a multiphasic spike afterhyperpolarization, and prom-
inent low-threshold regenerative responses (data not shown),
suggesting the presence of electrophysiologically distinct sub-
types in area B9. The characterization of these nonraphe SHT
neuron membrane properties demonstrates the utility of the
ePet-EYFP line and establishes a convenient approach for the
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Fig. 3. ePet-EYFP. (A) EYFP fluorescence in midbrain B7 dorsal raphe. (B-D) Colocalization (D) of TPH (B) and EYFP fluorescence (C) and in ventral medullary
B1raphe pallidus. (E) Colocalization of EYFP fluorescence with TPH (Texas red, anti-TPH 1:200) in lateral B9 5HT neurons. (F) Confocal image of a dissociated EYFP+
5HT neuron in culture. (Scale bars: 250 um, A; 20 um, B-D; 50 um, C; and 5 um, D.)

comprehensive electrophysiological analysis of these cells in the
genetically tractable mouse brainstem slice preparation.

ePet Activity Is Sufficient for Biologically Relevant Levels of Transgene
Expression. To determine whether ePet enhancer activity is able
to direct biologically relevant levels of gene expression we
prepared a transgene, ePet-Pet, in which a 7.8-kb genomic
fragment encoding all of the known mouse Pet-1-transcribed
sequences was placed downstream of the ePet/B-globin pro-
moter sequences. This transgene was then injected into Pet-1
heterozygous (+/—) or homozygous (—/—) null pronuclei to
attempt rescue of Pet-1 loss of function, which is characterized
by a 70% deficiency of SHT neurons (14). In one round of
pronuclear injection two Pet-17/~ founders hemizygous for
ePet-Pet (Pet-17/7¢Pet-Pel/+) were obtained, and one of these was
selected for rescue analysis with an anti-TPH antisera. As
expected, the number of TPH+ cells was dramatically reduced
in the B7 dorsal raphe of adult —/— compared with +/+
mice (Fig. 5, compare A4 with B). However, in sections of
Pet-17/7¢Pet-Pet+ dorsal raphe (Fig. 5C) the number of TPH+
cells was not significantly different from that in WT brain
(see also Fig. 6, which is published as supporting information on
the PNAS web site). HPLC determination of monoamines
showed that SHT and 5-hyroxyindoleacetic acid levels in
Pet-1-/7cPet-Pet/+ brains were also not significantly different
from levels in WT brain (see Fig. 7 and Supporting Text, which
are published as supporting information on the PNAS web site).
These findings show that ePet enhancer activity is able to initiate
and maintain transcription at a level that is sufficient for rescue
of the neurochemical Pet-1 loss-of-function phenotype.

Discussion

Development of the transgenic approach described here depended
on the identification of a genomic fragment capable of directing
reliable SHT neuron-specific gene expression. Our previous find-
ings (29) indicated that ePet was able to direct transgene reporter
expression to all SHT neurons in the developing and adult brain.
The timing of transgene expression precisely coincided with the
onset of endogenous Pet-1 expression in the developing hindbrain
(28). Importantly, serotonergic transgene expression directed by the
40-kb ePet fragment was highly reproducible as shown by the similar
patterns of transgene expression among 16 different ePet-LacZ
founder lines (29). Furthermore, in the majority of lines examined
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ePet transgene expression was not detected elsewhere in the
developing and adult brain. This high level of specificity and
reproducibility was extended by the findings presented here where
we showed that three additional transgenes, ePet-Cre, ePet-EYFP,
and ePet-Pet, were also active in developing and adult SHT
neurons. Together these findings demonstrate that the 40-kb ePet
can be used as a reliable tool for SHT neuron-specific transgene
expression with little or no ectopic expression.

An ES cell knock-in approach is an alternative way in which the
highly restricted expression pattern of the Pet-1 gene can be
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Fig. 4. Electrophysiological recordings of EYFP+ 5HT neurons in B9. (A)

Responses of an EYFP+ B9 neuron to 40-pA depolarizing and hyperpolarizing
current steps at —68 mV. The depolarizing current step evoked an overshoot-
ing action potential with a pronounced afterhyperpolarization. (B) Responses
from the same B9 neuron to 60-, 80-, and 110-pA step depolarizations from
—72 mV. (C) Plot of instantaneous firing frequency (reciprocal of the first
interspike interval) versus current step amplitude. (D) Plot of spike frequency
adaptation in a EYFP+ B9 neuron during a response to a 250-pA step depo-
larization from —60 mV (voltage response shown in Inset).
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Fig. 5. ePet directed rescue of Pet-1 loss of function. 5HT neurons in the B7
dorsal raphe were identified by immunostaining of coronal sections with anti-
TPH antisera (diaminobenzidine, anti-TPH, 1:200) in +/+ (A), Pet-1~/~ (B), and
Pet-1-/-.ePet-Pet/+ (C) transgenic mice. (Scale bar: 100 pum.)

exploited for manipulation of SHT neuron gene expression. How-
ever, the rapidity and reproducibility of generating ePet transgenes
that we report here and previously (29) suggest it may be used to
circumvent many of the time-consuming and technically challeng-
ing steps involved in ES cell gene targeting. Furthermore, the
common need to investigate loss- or gain-of-function phenotypes in
defined genetic backgrounds requires backcrossing of an ES cell-
targeted allele for several generations. In contrast, ePet transgenes
can be injected directly into the pronuclei of defined genetic
backgrounds. Indeed, production of ePet-Pet transgenic mice re-
ported here was performed with Pet-1*/~ and Pet-1~/~ pronuclei,
which significantly reduced the time required to investigate the
serotonergic phenotype in rescued mice. Thus, ePet transgenic lines
in one or more defined genetic backgrounds can be obtained more
quickly, which would permit investigation of modifier effects during
the initial analyses of the resultant mouse phenotype. An additional
advantage of our method is that ePet transgene expression was not
detected in the retinal ganglion cell layer or adrenal medulla where
endogenous Pet-1 expression is observed. Consequently, the ePet
approach affords additional specificity of gene expression com-
pared with that obtained with the ES cell knock-in approach into
the Pet-1 locus. The lack of additional genes in ePet other than
B-crystallineA2 also minimizes potential gain-of-function pheno-
typic effects from genes that would be present in a full-length
bacterial artificial chromosome.

The ePet transgenic approach we have described here will
practically eliminate the accessibility problem for SHT neurons.
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Our ePet-Cre transgenic lines can be used to conditionally recom-
bine floxed genes in SHT neurons either during SHT neuron
differentiation or shortly after differentiation has been completed.
For instance, gene-targeting studies have revealed a critical role for
the Lmx1b factor in SHT neuron differentiation (16, 17). However,
the neonatal lethality of the Lmx1b null allele (37) has precluded
loss-of-function studies in the adult. This phenotype indicates that
conditional targeting of Lmx1b with the ePet-Cre lines will be
essential for understanding the role of Lmx1b in the development
of postnatal SHT-modulated behaviors. These lines will also enable
studies of SHT neuron circuits in the behaving animal such as the
reciprocal orexinergic-serotonergic negative feedback circuit that
appears to be involved in stabilizing sleep/wakefulness states
(38—40). The ePet-Cre lines could also be crossed to the lacZ wheat
germ agglutinin (41) transgenic line for anterograde transneuronal
tracing of SHT circuits. Importantly, ROSA lacZ expression was not
detected elsewhere in the developing and adult CNS; therefore,
ePet-Cre-mediated excisions appear restricted to this single neu-
ronal cell type. This characteristic identifies a clear advantage of
ePet-Cre over the SHT transporter-Cre knock-in line in which Cre
recombinase is much more widely expressed in the brain and
periphery (42). It should be kept in mind, however, that ePet does
show activity in a small subset of nonneural tissues, which could
complicate the interpretation of certain experiments.

Our approach offers a route with which to investigate many other
aspects of SHT neuron function and plasticity. For example,
ePet-directed expression of activity monitors and modulators of
neuronal excitability could be used to investigate SHT neuron
function and plasticity (43, 44). Temporal control of SHT neuron
gene expression could be developed by introduction of the tetra-
cycline-responsive systems (45) or tamoxifen-inducible Cre recom-
binase into SHT neurons (46). The rescue of Pet-1 loss of function
with ePet-Pet provides a basis for investigating the structure/
function relationships of Pet-1 in its normal cellular environment.
Similarly, allelic, mutated, or alternative isoforms of proteins and
RNAs involved, for example, in SHT synaptic signaling and plas-
ticity could be expressed specifically in SHT neurons to investigate
the relationship between primary structure, function, and behavior.
The minimal position effects seen with ePet transgenes also in-
crease the likelihood of identifying lines whose level of transgene
expression is comparable to the level of expression of the endog-
enous gene under investigation. Alternatively, variable levels of
transgene expression among different founder lines may be useful
when exploring gain-of-function dosage effects.

Intracellular recordings of putative SHT neurons in brain slices
have shown that these cells have a high input resistance and a long
duration action potential that is followed by a long, slow afterhy-
perpolarization and they are inhibited from firing by SHT1a auto-
receptor stimulation (47). These studies relied on retrospective
formaldehyde-induced fluorescence (48) or more recently on SHT
immunohistochemistry (49) to determine their serotonergic iden-
tity. This identification approach has limited the functional analysis
of SHT neurons to those that are positioned in raphe where their
higher density increases the chances of being randomly selected.
However, estimates in various mammalian species, including mice
and humans, indicate that as many as 25% of midbrain/pons SHT
neurons are present in extraraphe locations compared with ~59%
and 16% in the dorsal and median raphe, respectively (36). These
lateral SHT cells are located within and dorsal to the medial
lemniscus and in the mesencephalic and pontine reticular forma-
tion. Moreover, they are cytoarchitecturally distinct from those in
raphe, suggesting possible functional heterogeneity (36). As these
scattered reticular neurons are intermingled with large numbers of
nonserotonergic neurons they are far less accessible than their
raphe counterparts. Consequently, the membrane properties of this
SHT neuron population have not been reported in any species to
our knowledge. In the few published reports of mouse raphe SHT
neuron characteristics serotonergic neurochemical identity was not
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confirmed (50-52). This issue is important as recent studies (49, 53)
suggest the functional characteristics of intermingled SHT and
non-5HT neurons in the dorsal raphe are much more similar than
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bodies, processes, and growth cones. These findings show that the
ePet-EYFP line provides for comparative in-depth studies of mouse
raphe and reticular SHT neuron electrophysiological characteristics
and obviates time-consuming retrospective immunohistochemical
identification of these cells. The ability to conveniently record from
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powerful system for further studies of SHT neuron membrane
properties.

In conclusion, the ePet transgenic approach will likely change
the way SHT neurons are studied in vivo and in vitro. The ability
to reliably alter SHT neuron gene expression with transgenes
tailored for specific experiments should facilitate testing of
theories concerning the precise roles of SHT in various behaviors
and physiological processes.
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