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Abstract
Identifying factors contributing to the etiology of anxiety and depression is critical for the
development of more efficacious therapies. Serotonin (5-HT) is intimately linked to both
disorders. The inhibitory serotonin-1A (5-HT1A) receptor exists in two separate populations with
distinct effects on serotonergic signaling: 1) an autoreceptor that limits 5-HT release throughout
the brain, and 2) a heteroreceptor that mediates inhibitory responses to released 5-HT. Traditional
pharmacologic and transgenic strategies have not addressed the distinct roles of these two receptor
populations. Here we use a recently developed genetic mouse system to independently manipulate
5-HT1A auto and heteroreceptor receptor populations. We show that 5-HT1A autoreceptors act to
affect anxiety-like behavior. In contrast, 5-HT1A heteroreceptors affect responses to forced swim
stress, without effects on anxiety-like behavior. Together with our previously reported work, these
results establish distinct roles for the two receptor populations, providing evidence that signaling
through endogenous 5-HT1A autoreceptors is necessary and sufficient for the establishment of
normal anxiety-like behavior.

Introduction
Anxiety and depression are highly co-morbid disorders with partially overlapping genetic
predisposition, environmental risk, symptom dimensions, and treatment profiles ( Ressler
and Nemeroff, 2000; Nemeroff, 2002). This overlap suggests that anxiety and depression
likely share some circuitry and neurochemistry, but can be influenced by distinct factors.

Serotonin (5-HT) participates in the etiology and treatment of both anxiety and depression
(Rush et al., 2006; Davidson, 2009). The most common treatments for major depressive
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disorder and many anxiety disorders are the selective serotonin reuptake inhibitors (SSRIs),
which are thought to exert their therapeutic effects by increasing extracellular 5-HT levels
(Gartside et al., 1995). However, in contrast to the beneficial effects of SSRIs in adults,
evidence from rodent models suggest that SSRI treatment during early development
increases anxiety or depression later in life (Caspi et al., 2003; Lira et al., 2003; Ansorge et
al., 2008; Olivier et al., 2008; Oberlander et al., 2009). Thus, 5-HT may affect immature and
mature mood-related circuitry differently.

Serotonin is released throughout the forebrain by axons emanating from cell bodies located
in the midbrain raphe (Barnes and Sharp, 1999). The largely neuromodulatory effects of 5-
HT are mediated through fourteen receptor subtypes, whereas 5-HT levels are limited by
two inhibitory autoreceptors expressed on 5-HT raphe neurons (Barnes and Sharp, 1999).
The 5-HT1A receptor, a major inhibitory receptor subtype, is expressed: 1) on 5-HT raphe
neurons as an autoreceptor, limiting released 5-HT at nerve terminals, and 2) in diverse
target regions as a heteroreceptor mediating cellular responses to released 5-HT. In
particular, 5-HT1A heteroreceptors are highly expressed in forebrain regions that regulate
mood and anxiety, such as the prefrontal cortex, hippocampus, and amygdala (Hamon et al.,
1990; Beck et al., 1992; Riad et al., 2000). Thus, the 5-HT1A receptor can influence anxiety
or depression by impacting either 5-HT levels (as an autoreceptor) or the limbic response to
released 5-HT (as a heteroreceptor).

Diverse evidence has demonstrated that 5-HT1A receptors contribute to the establishment of
mood disorders. A functional polymorphism in the promoter region of the human Htr1a
gene (coding for the human 5-HT1A receptor) that regulates receptor levels is linked to
depression, response to antidepressants, and amygdala reactivity (Lemonde et al., 2003; Le
Francois et al., 2008; Fakra et al., 2009). Mice lacking all 5-HT1A receptors throughout life
display increased anxiety-like behavior (Heisler et al., 1998; Parks et al., 1998; Ramboz et
al., 1998), an effect that is phenocopied by pharmacological blockade during the first few
postnatal weeks (Lo Iacono and Gross, 2008). Transgenic gain-of-function studies have
likewise suggested that the 5-HT1A receptor can stably impact anxiety-like behavior during
the first weeks of life (Gross et al., 2002; Bert et al., 2006). Given this evidence, 5-HT1A
receptors may influence anxiety and depression differentially not only between
subpopulations, but also across developmental stages in an animal.

Separating both the temporal (developmental versus adult) and spatial (autoreceptor versus
heteroreceptor) roles of the endogenous 5-HT1A receptor in anxiety and depression has
proven difficult with existing genetic or pharmacological techniques. To independently
assess the functional role of endogenous 5-HT1A autoreceptors and heteroreceptors, we
developed a genetic mouse system with temporal and spatial specificity and tested the adult
phenotype of these animals in a number of classic, mood-related paradigms.

Materials and Methods
Transgenic Mice

5-HT1A Autoreceptor KO mice—Mice with suppressible 5-HT1A receptors (Htr1atetO)
were made as described (Richardson-Jones et al 2010). Htr1atetO/tetO mice demonstrate a
pattern of 5-HT1A receptors that is indistinguishable from the wild-type pattern. Mice with
inducible suppression of 5-HT1A autoreceptors were homozygous for the tetO insertion
(Htr1atetO/tetO), possessed one copy of the raphe-specific tTS suppressor transgene, Pet1-
tTS, and were maintained in the absence of doxycycline (dox) throughout life (Richardson-
Jones et al., 2010).
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5-HT1A Heteroreceptor KO mice—Heteroreceptor-specific suppression was achieved
by placing tTS under transcriptional control of elements of the α-CamKII promoter
(Mayford et al., 1996). Briefly, an EcoRI-BamHI fragment containing the tTS coding
sequence was freed from the pAct tTS plasmid (Mallo et al., 2003). The fragment was
blunted and cloned into the EcoRV site of the pNN265 plasmid, flanking it with a generic 5′
intron and 3′ intron and SV40 polyA sequence (Mayford et al., 1996). The tTS sequence
flanked by introns was freed by digest with Not1 and cloned into the pMM403 plasmid,
placing it under the control of α-CamKII promoter fragments. Lastly, the promoter
fragments and tTS coding sequence (CamK-tTS) were freed by Sfi/Srf digest and subjected
to pronuclear injection into B6CBA/F2 Hybrid zygotes. Founders were screened by PCR for
tTS (as previously described) and southern blot analysis.

Seven founder lines were generated, bred to the Htr1atetO/tetO background, and screened for
suppression of 5-HT1A heteroreceptors. The three general patterns of suppression in these
lines corresponded to the previous reported activity of these promoter fragments: 1)
suppression of all receptors in the brain, 2) preferential suppression of forebrain receptors
while sparing receptors in the raphe, and 3) preferential suppression of dorsal hippocampal
receptors while sparing most other receptor populations (data not shown) (Gross et al., 2002;
Pittenger et al., 2002). One line was identified that displayed suppression of 5-HT1A
heteroreceptors without affecting autoreceptors, and this line was used for subsequent
experiments. Mice with inducible suppression of 5-HT1A heteroreceptors were homozygous
for the tetO insertion (Htr1atetO/tetO), possessed one copy of the forebrain-specific tTS
suppressor transgene, CamK-tTS, and were maintained in the absence of dox throughout
life.

For all experiments, male Htr1atetO/tetO/Pet-tTS+ and Htr1atetO/tetO/CamK-tTS+ mice were
bred to Htr1atetO/tetO females. Thus, the tTS transgene was transmitted through the male
germline, ensuring that all pups were raised by mothers of the same genotype, regardless of
dox status. All experiments were conducted on male offspring. Animals were maintained on
a mixed 129S6/Sv; C57B6; CBA background. To control for the effect of transgene
insertion and genetic background, controls for all experimental groups were generated by
feeding Htr1atetO/tetO/Pet-tTS+ or Htr1atetO/tetO/CamK-tTS+ animals chow containing
40mg/kg dox (Product # F5545, Bioserv, Frenchtown, NJ) throughout life. Dox exposure in
utero in these animals was accomplished by feeding mothers with the dox chow throughout
the course of breeding. Experimental animals were fed standard laboratory chow (Prolab
Isopro RMH 3000, PMI Nutrition International, Brentwood, MO) either throughout life
(Auto-KO and Hetero-KO) or beginning at postnatal day 50 (Adult Hetero-KO). To control
for the possible effects of dox on behavior, littermate controls lacking the tTS transgene, in
which dox had no effect on 5-HT1A receptor expression, were also tested in baseline
behavioral experiments. For all tests presented, dox exposure alone did not result in any
behavioral changes. (Data not shown).

Animal Husbandry
Animals were housed in groups of between 3 and 5 per cage and had access to food and
water, ad libitum. Animals were maintained on a 12:12 light/dark schedule, and all testing
was conducted during the light period. Animal protocols were approved by the Institutional
Animal Care and Use Committee and were conducted in accordance to the NIH Guide for
the Care and Use of Laboratory Animals Care was taken to minimize number of animals
used in all experiments and their suffering.
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Receptor autoradiography
Mice of the ages indicated were sacrificed by cervical dislocation and decapitation.
Extracted brains were frozen immediately on crushed dry ice (−75°C) and maintained at
−80°C until sectioning. Brains were cryosectioned at a thickness of 18μm, and sections were
thaw-mounted on Superfrost slides (Fisher, Fairlawn, NJ, USA). Sections were maintained
at −80°C until processing. Mounted sections were processed for 4-(2′-Methoxyphenyl)-1-
[2′-(n-2″-pyridinyl)-p-[125I]iodobenzamido]ethylpiperazine) (125I-MPPI) autoradiography
and receptor levels were quantified using a previously described method (Richardson-Jones
et al., 2010).

Electrophysiology
Whole cell recordings—Whole cell recordings of dorsal raphe and hippocampal CA1
pyramidal neurons were made as previously described (Beck et al., 2004; Tsetsenis et al.,
2007; Crawford et al., 2010). In brief, mice were sacrificed using decapitation. While
submerged in a cold aCSF solution where NaCl is replaced with sucrose (248 mM), the
coronal slices were cut at the level of the dorsal hippocampus and midbrain with a Leica
VT1000s vibratome (Leica Microsystems, Bannockburn, IL) to generate 200μm thick brain
slices. Slices were maintained in aCSF bubbled with 95%O2/5%CO2 at 36°C for 1 hour and
then at room temperature until used. Individual slices were then placed in a recording
chamber and continuously perfused with 32–34°C aCSF solution bubbled with
95%O2/5%CO2 with a solution flow rate of 1.5–2ml/min. The composition of the aCSF was
(in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 2.5 CaCl2, 10 dextrose, and 26
NaHCO3. Neurons were visualized using Nikon E600 (Optical Apparatus, Ardmore, PA)
upright microscope fitted with a 40x water-immersion objective, DIC, and infrared filter.
Whole-cell recording pipettes fabricated on a Sutter Instruments pipette puller (P-97, Sutter
Instrument, Novato, CA) had a resistance of 6–10MΩ when filled with an intracellular
solution of 130mM Kgluconate, 5mM NaCl, 10mM Na-phosphocreatinine, 1mM MgCl2,
0.02mM EGTA, 10mM HEPES, 2mM MgATP, 0.5mM Na2GTP, and 0.1% biocytin (pH
7.3). Recordings were collected online with a Multiclamp 700B amplifier, Digidata 1320 A/
D converter, and Clampex 9.0 software (Molecular Devices, Union City, CA). In current
clamp recording, resting membrane potential (RMP), action potential (AP) threshold, AP
duration, after-hyperpolarization (AHP) amplitude, and the time it takes for the AHP to
depolarize to one-half its peak amplitude (AHP t1/2) were measured directly from traces as
previously described (Crawford et al., 2010). In voltage clamp, with a holding potential of
−60 mV, the magnitude of the outward current elicited by bath application of 100 nM 5-
carboxyamidotryptamine (5-CT) was measured. 5-CT was chosen for these experiments
instead of 8-OH-DPAT as it is a high affinity full agonist, is less lipophillic and washes out
more easily from the slices. Following the experiment, slices were fixed for 2–3 hours with
4% paraformaldehyde and the midbrain slices were processed for immunohistochemical
detection of tryptophan hydroxylase (TPH). Identity of all recorded cells was confirmed by
visualization of the biocytin-filled cells. Immunohistochemical identification of each neuron
recorded in patch clamp configuration was completed as previously described (Beck et al.,
2004; Lemos et al., 2006; Kirby et al., 2008). In brief, a standard immunohistochemistry
protocol was used on 200μm-thick slices using mouse anti-TPH (1:200, Sigma) along with
secondary donkey anti-mouse Alexa Fluor 488 (1:200, Invitrogen). For visualization of the
biocytin filled cell and streptavidin-conjugated Alex Fluor 638 (1:100, Invitrogen), and
NeuN (1:500, Sigma) along with secondary donkey anti-mouse Alexa Flour 488 (1:200,
Invitrogen). TPH labeling of biocytin filled cells was imaged on a Leica DMR fluorescent
microscope (Leica Microsystems) using OpenLab 3.0.9 software (Improvision) and
confirmed on a Leica DMIRE2 confocal microscope (Leica Microsystems, Bannockburn,
IL) using Leica confocal software (version 2.5, Leica Microsystems).
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Intracerebral in vivo microdialysis
Extracellular 5-HT levels were measured by in vivo microdialysis as previously described
(Guiard et al., 2008). Briefly, two concentric dialysis probes were implanted in the vHPC
and PFC (outer diameter × active length: 0.3 × 1.6 and 0.3 mm × 2 mm, respectively) of
anesthetized mice (chloral hydrate, 400mg/kg, i.p.). Stereotaxic coordinates (in mm) were,
PCF: A = 1.6, L = 1.3, V = 1.6; vHPC: A = −2.8, L = 3.0, V = 3.0 (Franklin and Paxinos,
1997). Animals were allowed to recover for a period of 24 hours. Following recovery,
probes were continuously perfused with aCSF, and dialysates were collected every 15
minutes for analysis by HPLC-amperometry (Guiard et al., 2008). Baseline 5-HT levels
were calculated as the average of the first four samples, ±SEM. Freely moving mice were
treated (t=0) with either a challenge dose of fluoxetine (18 mg/kg; i.p.) or its vehicle, and
dialysate samples were collected for a 0–120 min post-treatment period. The limit of
sensitivity for 5-HT was 0.5 fmol/sample (signal-to-noise ratio 2). Following sample
collection, brains were removed and sectioned to ensure proper probe placement.

Behavioral and Physiological Testing
All animals used for behavioral testing were age matched within two weeks. Animals were
initially tested at 11–13 weeks of age, at least four weeks after the cessation of dox in adult
heteroreceptor-KO animals. Baseline anxiety tests were completed before other behavioral
tests.

8-OH DPAT Induced Hypothermia—Body temperature was assessed intra-rectally,
using a lubricated probe inserted approximately 2 cm and a Thermalert TH-5 thermal
monitor (Physitemp, Clifton, NJ). Mice were singly housed in clean cages for 10 minutes,
and three baseline body temperature measurements were taken. Ten minutes after the third
baseline measurement, animals received 8-OH DPAT i.p. at the doses indicated and body
temperature was monitored every ten minutes for a total of 50 minutes. Temperatures are
represented as a change from the final baseline measurement.

Stress-Induced Hyperthermia—The stress induced hyperthermia paradigm measures a
physiologic response to a stressful stimuli (Adriaan Bouwknecht et al., 2007). Briefly,
animals in their home cages were moved to a testing room and allowed to acclimate for 1
hour. One animal per cage was removed and a baseline body temperature was measured
intrarectally. Each animal was then placed in a novel, clean cage for ten minutes, after which
a second body temperature was recorded.

Open Field Test—Exploration in response in response to a novel open field was measured
as described (Richardson-Jones et al., 2010). Dependent measures were total path length
(cm), number and percent distance in the center (distance traveled in the center divided by
the total distance traveled).

Light/Dark Choice Test—Exploration of the light/dark chamber was measured as
described (Richardson-Jones et al., 2010). Dependent measures were total distance and
percent time spent in the light compartment.

Modified Forced Swim Test—Behavioral response to forced swimming was assayed as
described previously (David et al., 2007). Briefly, mice were placed into clear plastic
buckets 20 cm in diameter and 23 cm deep filled 2/3 of the way with 26°C water and
videotaped from the side. Mice had a two minute pre-test period prior to initiating scoring,
after which two consecutive two minute periods were scored. All animals were exposed to
the swim test on two consecutive days. Scoring was done using an automated Viewpoint
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Videotrack software package (Montreal, Canada). Dependent variables were immobility,
swimming and climbing.

Statistical Analysis
In general, the effect of treatment or dose was analyzed using an analysis of variance
(ANOVA), using repeated measures where appropriate. Significant ANOVAs were followed
up with Fisher PLSD test for behavioral and physiological measures, and with Student-
Neuman-Keuls t-test for electrophysiological characterization.

Results
Conditional suppression of the 5-HT1A auto- and heteroreceptors

Previous attempts to target auto- versus heteroreceptor populations independently in mice
relied on transgenic gain-of-function strategies using heterologous promoters that resulted in
over- and mis-expression of the receptor (Gross et al., 2002; Kusserow et al., 2004; Bert et
al., 2006; Audero et al., 2008). Such approaches fall short of establishing causal links
between endogenous receptor populations and either circuit function or behavior. To
independently manipulate either 5-HT1A hetero- or autoreceptors while maintaining
endogenous expression of the other receptor population, we used the tTS/tetO system to
suppress 5-HT1A receptor transcription from the Htr1a gene locus. We previously reported
the generation of mice that allow for specific suppression of 5-HT1A autoreceptors, using
two engineered mouse lines: 1) a raphe-specific tTS transgenic line, and 2) a knock-in
mouse line with tetO sites inserted between the promoter and coding regions of the Htr1A
locus (Richardson-Jones et al., 2010). To suppress 5-HT1A autoreceptors in the raphe
throughout life (Auto-KO), the previously described Htr1atetO/tetO/Pet-tTS+ mice were
maintained in the absence of dox throughout life (Figure 1c, d). Controls for these mice, in
which 5-HT1A autoreceptors were not suppressed, were generated by maintaining
Htr1atetO/tetO/Pet-tTS+ mice in the presence of dox throughout life (Figure 1a, d).
Quantitative receptor autoradiography revealed that less than 20% of control 5-HT1A
receptor binding remained in the dorsal raphe of adult Auto-KO mice (one-tailed t test in the
dorsal raphe, t13 = −15.503, p <0.0001), whereas no changes were observed in binding of 5-
HT1A in areas of high heteroreceptor expression, such as the amygdala, hippocampus, and
entorhinal cortex (Repeated measures ANOVA with brain region as a within-subject factor
and group as a between-subject factor, main effect of group F1,13 = 1.398, p = 0.2583;
region by group interaction, F1,13 = 0.795, p = 0.46232) (Fig 2). Attempts with this line to
fully suppress the autoreceptor beginning in adulthood, had resulted in a modest 30%
reduction in raphe 5-HT1A expression. Physiological and behavioral characterization of
these animals has been reported elsewhere (Richardson-Jones et al., 2010). The reason for
more effective suppression of 5-HT1A transcription in animals maintained in the absence of
dox throughout life remains unclear, although it appears that early developmental
suppression at the 5-HT1A locus may be irreversible (data not shown).

To generate mice with suppression of 5-HT1A heteroreceptors without affecting
autoreceptors, we first created a transgenic mouse line with tTS expression directed by
promoter elements from the α-CamKII gene (Mayford et al., 1996). One mouse line was
identified that demonstrated suppression of only 5-HT1A forebrain heteroreceptors without
affecting 5-HT1A raphe autoreceptors (Hetero-KO) (ANOVA in dorsal raphe, F2,9 = 0.429,
p < 0.6635)(Figure 1b, e; Figure 2b, d). In Hetero-KO mice, receptor expression was
undetectable in the hippocampus, amygdala, or prefrontal cortex, whereas low levels of
receptor remained in the olive, entorhinal cortex, and the medial and lateral septum
(ANOVA for the effect of group in hippocampus, F2,9 = 20210, p < 0.0001) (Fig 2b, d).
Consistent with the expected delayed developmental activation of the α-CamKII promoter
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elements, we confirmed that suppression of receptors was complete by postnatal day 14 (Fig
2e). Control mice, in which 5-HT1A heteroreceptors were not suppressed, were generated by
maintaining Htr1atetO/tetO/CamKII-tTS+ mice in the presence of dox throughout life (Figure
1e). Adult suppression of 5-HT1A heteroreceptors (Adult-Hetero-KO) was achieved by
maintaining Htr1atetO/tetO/CamKII-tTS+ mice in the presence of dox until postnatal day 50,
then withdrawing dox for at least 4 weeks. Adult suppression of 5-HT1A receptors in these
animals was as effective as early developmental suppression (Figure 1e and Figure 2b, d).

Altered agonist response in mice with conditional suppression of 5-HT1A auto- and
heteroreceptors

To directly confirm the functional impact of receptor suppression revealed by
autoradiography, we performed whole cell recordings of neurons in acute slice in response
to the 5-HT1,7 agonist, 5-carboxyamidotryptamine (5-CT). Cellular responses were recorded
in: 1) the dorsal raphe of Auto-KO mice and their Controls, and 2) area CA1 of the
hippocampus in Hetero-KO mice and their Controls. Following recording, cells were filled
with biocytin. Pyramidal neurons in the hippocampus were confirmed by morphological
features, and raphe neurons were confirmed as serotonergic by immunohistochemistry for
tryptophan hydroxylase (data not shown).

In agreement with the decreased 5-HT1A autoreceptor levels indicated by autoradiography,
serotonergic neurons in the dorsal raphe of Auto-KO mice had a significantly decreased
current response to 5-CT (two-tailed t-test, t35 = 8.432, p < 0.0001) (Figure 3A-C). Indeed,
we were unable to detect any response to 5-CT (defined as current <5 pA) in 5-HT dorsal
raphe neurons of Auto-KO mice, consistent with a lack of functional 5-HT1A raphe
autoreceptors in these animals. The small amount of remaining receptor binding in the
dorsal raphe may represent either desensitized 5-HT1A autoreceptors or receptors on non-5-
HT raphe neurons (Kirby et al., 2003, Beck et al, 2004).

In pyramidal neurons in area CA1 of Hetero-KO mice, we observed a large decrease in the
average current response to 5-CT (Figure 3D-F) (one-tailed t test, t39 = −3.254, p = 0.0012),
consistent with the greatly decreased levels of heteroreceptor revealed by autoradiography.

To assess the in vivo functional status of 5-HT1A autoreceptors in both groups of mice, we
examined their hypothermic response to challenge with the 5-HT1A agonist, 8-OH-DPAT or
its saline vehicle. The controls for the Auto-KO, Hetero-KO, and Adult Hetero-KO mice
displayed a hypothermic response to 0.5mg/kg 8-OH DPAT consistent with previously
observed values (Figure 4a ii, b ii, and c ii) (repeated-measures ANOVA, main effect of
dose for: Hetero-KO Controls, F1,12 = 46.979, p < 0.0001; Adult Hetero-KO Controls, F1,9 =
33.055, p = 0.0003; Auto-KO Controls, F1,6 = 109.630, p < 0.0001). Consistent with a lack
of functional autoreceptor, 5-HT1A Auto-KO mice displayed no detectable body temperature
decrease in response to 8-OH DPAT, with responses indistinguishable from the response to
saline injection (Figure 4ci) (repeated-measures ANOVA for effect of treatment F1,6 = 1.38,
p = 0.284). Conversely, 5-HT1A Hetero-KO mice displayed a full hypothermic response to
8-OH-DPAT that was significantly different from the response to saline and
indistinguishable from the hypothermic response in their Controls (Figure 4ai, ii) (repeated-
measures ANOVA, effect of dose in Hetero-KO mice, F1,12 = 33.10, p < 0.0001; repeated
measures ANOVA, effect of group in 8-OH DPAT treated mice, F1,12 = 2.486, p = 0.141).
Likewise, 5-HT1A Adult Hetero-KO mice displayed a response to 8-OH DPAT that was
significantly different from the response to saline and indistinguishable from the response in
their matched controls (repeated measures ANOVA, effect of dose in Adult Hetero-KO
mice, F1,9 = 36.216, p = 0.0002; repeated measures ANOVA effect of group in 8-OH DPAT
treated mice, F1,10 = 0.071, p = 0.795) (Figure 4b i, ii). These findings are consistent with
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previous literature implicating 5-HT1A auto-, but not heteroreceptors in the 8-OH-DPAT
induced hypothermic response in mice (Martin et al., 1992).

Taken together, these results provide both a direct in vitro measurement and an in vivo
confirmation of the functional selectivity of genetic suppression of 5-HT1A auto- and
heteroreceptors, respectively, in the Auto-KO, Hetero-KO, and Adult Hetero-KO mice.

Increased serotonergic tone in mice lacking 5-HT1A autoreceptors throughout
life—The extracellular level of serotonin (5-HT)ext is generally thought to be under the
inhibitory control of both 5-HT1A and 5-HT1B autoreceptors. Here we sought to determine
how specific suppression of 5-HT1A autoreceptors throughout life was reflected at the
neurochemical level in adult animals. We observed higher basal cortical 5-HText in whole-
life Auto-KO mice compared to their wild-type littermates (F1,13 = 7.79, p = 0.015).
However, differences between the two strains of mice in the ventral hippocampus (vHPC)
were not significant (F1,13 = 1.74, p = 0.21) (Table 1).

To directly measure the effect of pharmacological inactivation of the 5-HT transporter in
mice lacking 5-HT1A autoreceptors, we challenged both Auto-KO mice and their controls
with the SSRI fluoxetine.

In the frontal cortex, a two-way ANOVA (treatment by genotype) on area under the curve
(AUC) values revealed no significant effect of genotype (F1,28 = 0.041, p = 0.841), but a
significant effect of treatment (F1,28 = 36.984, p < 0.0001). No genotype by treatment
interaction was detected (F1,28 = 0.02, p = 0.9672).

In the vHPC, a two-way ANOVA (treatment by genotype) on AUC values revealed both a
significant effect of genotype (F1,30 = 6.82, p = 0.0139), and a significant effect of treatment
(F1,30 = 58.21, p < 0.0001), as well as a genotype by treatment interaction (F1,30 = 6.62, p =
0.0153).

Thus, as expected, both control and Auto-KO mice displayed increased 5-HText in response
to acute treatment with the fluoxetine in the vHPC (Figure 5a, c) and frontal cortex (Figure
5b, d). Moreover, Auto-KO mice displayed a proportionately larger increase in 5-HText in
response to fluoxetine than their controls in the vHPC, but not in the frontal cortex (Figure
5c, d)(post-hoc for group, p = 0.0198). Together, these results demonstrate that suppression
of 5-HT1A autoreceptors throughout life results in regionally distinct increases in
serotonergic tone.

Increased anxiety-like behavior in mice lacking 5-HT1A autoreceptors—Mice
lacking all 5-HT1A receptors throughout life display reliably increased anxiety-like behavior
(Heisler et al., 1998; Parks et al., 1998; Ramboz et al., 1998). To independently assess the
role of endogenous 5-HT1A autoreceptors and heteroreceptors in anxiety-like behavior, we
tested Hetero-KO, Adult Hetero-KO, and Auto-KO mice in conflict/anxiety paradigms: the
open field, the light/dark choice test, and the elevated plus maze.

We were unable to detect any significant impact on anxiety-like behavior by suppression of
5-HT1A heteroreceptors beginning in early postnatal development. Specifically, we detected
no differences between 5-HT1A Hetero-KO mice and their controls in exploration of the
center of the open field (ANOVA, F1,32 = 0.025, p = 0.875), although a trend was seen for
decreased exploration of the total open field (repeated-measures ANOVA, F1,32 = 3.31, p =
0.078) (Figure 6a). Likewise, no differences were detected between 5-HT1A Hetero-KO
mice and their controls in total exploration (repeated-measures ANOVA, main effect of
group, F1,41 = 0.064, p = 0.802), entries into the light (ANOVA, main effect of group, F1,41
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= 0.258, p = 0.614), or time in the light compartment (ANOVA, main effect of group, F1,41
= 0.077, p = 0.7823) in the light/dark choice test (Figure 6b). Finally, no effects on anxiety-
like behavior were detected in the elevated plus maze (data not shown).

In Adult-Hetero-KO mice, we did not detect changes in exploration of the center of the open
field (ANOVA, F1,47 = 0.686, p = 0.412), although, similar to the results in Hetero-KO
mice, we observed a trend for a decrease in total exploration of the open field (Figure 6c)
(repeated-measures ANOVA F1,47 = 2.74, p = 0.105). No differences were detected between
Adult-Hetero-KO mice and their Controls in total exploration (ANOVA, F1,30 = 0.122, p =
0.730), exploration of the light (ANOVA, F1,30 = 2.11, p = 0.157), or entries into the light in
the L/D choice test (ANOVA, F1,30 = 2.314, p = 0.139) (Figure 6d). Together, these results
demonstrate that suppression of 5-HT1A heteroreceptors, beginning either in early postnatal
development or adulthood, is not sufficient to impact classic anxiety-like behavior.
However, we cannot rule out the contribution of 5-HT1A heteroreceptors to exploratory
behavior, as trends for decreased exploration in the open field were seen in both groups of
mice that lacked 5-HT1A heteroreceptors.

Having observed that suppression of 5-HT1A heteroreceptors alone either throughout life or
beginning in adulthood was not sufficient to impact anxiety-like behavior, we next tested
whether 5-HT1A autoreceptors alone might play a role in the establishment of anxiety-like
behavior. Compared to their controls, Auto-KO mice displayed decreased exploration of the
center of the open field compared to the total (ANOVA, F1,50 = 8.351, p = 0.0057) (Figure
6eii), and a decrease in total exploration (Figure 5ei) (repeated-measures ANOVA, F1,50 =
4.786, p = 0.033). Likewise, in the light/dark choice test, Auto-KO mice displayed decreased
total exploration (ANOVA, F1,37 = 19.74, p < 0.0001) and fewer entries into the light
compartment (ANOVA, F1,37 = 9.19, p = 0.004), but did not demonstrate a decrease in
percent distance in the light (ANOVA, F1,37 = 0.017, p = 0.896) (Figure 6f i-iii). No effects
on anxiety-like behavior were seen in the elevated plus maze (data not shown). The effects
seen in the open field and light-dark test did not reflect an effect of dox treatment, as
littermate control animals lacking the tTS transgene but fed the same chows throughout life
displayed no differences in any of the measures (data not shown). The phenotype observed
in Auto-KO mice is consistent with the increased anxiety-like behavior in conflict-based
tasks and decreased exploration of novel environments, and is similar to what has been
observed in constitutive 5-HT1A KO mice on at least three genetic backgrounds (Heisler et
al., 1998; Parks et al., 1998; Ramboz et al., 1998). These data suggest that endogenous 5-
HT1A autoreceptors are necessary and sufficient for the establishment of anxiety-like
behavior. Furthermore, these data suggest that normal signaling though 5-HT1A
heteroreceptors (with autoreceptors intact) is dispensable for the establishment of anxiety-
like behavior.

Mice lacking 5-HT1A heteroreceptors throughout life demonstrate increased
behavioral despair in the forced swim test (FST)—In addition to its role in anxiety,
diverse evidence has linked 5-HT1A receptors to depression and the response to stress. 5-
HT1A KO mice display altered behavior in the FST and a blunted response to
antidepressants as well as increased anxiety-like behavior (Ramboz et al., 1998; Santarelli et
al., 2003). However, it is unclear whether the anxiety phenotype, and other non-anxiety
related phenotypes like the one seen in the FST are impacted by the same populations of 5-
HT1A receptors, or whether the temporal and spatial role of 5-HT1A receptors for these two
behaviors are distinct.

To test directly the role of 5-HT1A hetero- and autoreceptors in mediating mood-related
behavior that does not capture dimensions of anxiety, we first tested Auto-KO mice in the
forced swim test. In this test, which is often used as a pharmacological screen for
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antidepressant activity, active swimming and climbing are scored as mobility, which
generally decreases over time. We observed that Auto-KO mice displayed decrease mobility
on the second day of testing that was indistinguishable from their controls (Fig 7c)
(repeated-measures ANOVA, main effect of group, F1,48 = 0.871, p = 0.3554; main effect of
time, F3,48 = 23.771, p <0.0001). This finding contrasted with our previously reported effect
of adult suppression of 5-HT1A autoreceptors (with decreased autoreceptor levels decreasing
behavioral despair)(Richardson-Jones et al., 2010), and suggests that compensation occurs
when 5-HT1A autoreceptors are suppressed throughout life.

As suppressing autoreceptors throughout life did not alter the response to forced swim
stress, we next tested the response of Hetero-KO and Adult-Hetero-KO mice. Although
Hetero-KO mice were indistinguishable from their controls on the first day of testing, they
displayed markedly less mobility, or more behavioral despair, on the second day of testing
(Fig 7a) (repeated measures ANOVA, group by time interaction, F3,34 = 2.97, p = 0.0345;
post hoc for Day 2 minutes 3–4 and 5–6 p = 0.0371 and p = 0.0018, respectively).
Conversely, adult suppression of 5-HT1A heteroreceptors was not sufficient to impact
behavioral despair on either day of the test (Figure 7b) (repeated-measures ANOVA, main
effect of group between Adult Hetero-KO mice and Controls, F1,44 = 2.132, p = 0.1513;
group by time interaction, F3,44 = 0.570, p = 0.6357). This demonstrates that 5-HT1A
heteroreceptors act developmentally to establish the circuitry underlying this behavior, and
establishes a dissociation, between the roles of 5-HT1A auto- and heteroreceptors in
modulating mood-related anxious and non-anxious behavior, respectively.

DISCUSSION
Independent suppression of endogenous 5-HT1A auto- and heteroreceptors

The 5-HT1A receptor exists as two distinct populations in the brain (auto- and
heteroreceptors) that, individually, could impact the circuitry underlying mood and anxiety
in both development and/or adulthood. We accomplished independent manipulation of 5-
HT1A auto- and heteroreceptors populations using the tTS/tetO system (Mallo et al., 2003;
Richardson-Jones et al., 2010). This system provides a number of advances over classic KO
and previous transgenic technology. First, it allows for spatial and temporal specificity,
neither of which are possible using constitutive KO mice. Given the hypothesized difference
in the roles of the 5-HT system in development and adulthood, temporal specificity was a
primary goal (Ansorge et al., 2007; Ansorge et al., 2008). Second, this genetic strategy
allows for examination of the role of endogenous receptors; unlike previous transgenic over-
expression strategies, the tTS/tetO strategy relies on suppressible gene expression from the
endogenous promoter elements. Moreover, we have recently demonstrated that this system
is generalizable to other genes (Tanaka et al., 2010).

Establishment of 5-HT tone
In agreement with the observation that the firing activity of serotonergic neurons and
consequently the release of 5-HT is under tonic inhibitory control by somatodendritic 5-
HT1A autoreceptors(Haddjeri et al., 2004), constitutive deletion of the 5-HT1A receptor
increases basal extracellular 5-HT level in some brain structures (He et al., 2001; Parsons et
al., 2001). This is consistent with data obtained here in Auto-KO mice (Table 1).
Nevertheless, the effect observed here is region-dependent, as basal 5-HText was increased
in the frontal cortex, but not in the vHPC of Auto-KO mice. Several hypotheses may explain
such differences. Regional differences in 5-HT re-uptake sites in mouse brain could account
for these neurochemical observations. Autoradiographic studies have reported a lower
density of SERT in the frontal cortex compared to the hippocampus in constitutive 5-HT1A
KO mice(Ase et al., 2001). Interestingly, SERT downregulation is also observed in double
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5-HT1A/1B KO mice (Guilloux et al., 2010: submitted). Thus, the increase in 5-HText
observed in the frontal cortex, (but not in the vHPC) of Auto-KO mice, may be attributed to
a specific reduction of SERT expression in the frontal cortex. A second possibility to be
explored with regard to the present results is the marked difference in the intrinsic
organization of 5-HT innervations. The frontal cortex is primarily innervated by the dorsal
raphe nucleus (DRN), while the hippocampus is mostly innervated by the median raphe
nucleus (MRN) (Azmitia and Segal, 1978; Imai et al., 1986; McQuade and Sharp, 1997). It
is thus possible that the enhancement of basal extracellular 5-HT levels specifically in the
frontal cortex in Auto-KO mice resulted from a greater effect of autoreceptor deletion on the
release of 5-HT from DRN as compared to the MRN.

The magnitude of 5-HT release in the presence of transporter blockade also displayed a
region-dependent difference. As expected, upon challenge with fluoxetine, 5-HText was
increased in both control and Auto-KO mice (Figure 5). However, the magnitude of the
response to SSRI in Auto-KO mice was greater in the vHPC than in the frontal cortex. These
neurochemical effects markedly contrast with levels observed at baseline. Owing to the
greater density of 5-HT uptake sites in the hippocampus in mice (compared to the frontal
cortex (Ase et al., 2001)), SSRIs are expected to cause a greater increase in 5-HText levels in
the hippocampus. Indeed, this was observed in the present study. In contrast with this
assumption, fluoxetine (Malagie et al., 1995) and paroxetine (Romero and Artigas, 1997)
have been shown to increase 5-HText to a comparable extent in the frontal cortex and
hippocampus of WT mice. These data can be interpreted in light of the distinct roles that 5-
HT1A heteroreceptors in the frontal cortex are thought to play in the negative feedback
inhibition of the raphe. Specifically, frontal cortex forebrain heteroreceptors are thought to
participate in feedback via polysynaptic connections to the raphe, whereas hippocampal
heteroreceptors are not (Ceci et al., 1994; Assie and Koek, 1996; Casanovas et al., 1999;
Hajos et al., 1999). Our results in the Auto-KO mouse suggest that autoreceptor feedback in
response to fluoxetine is stronger in raphe projections to hippocampus than frontal cortex,
since heteroreceptor based negative feedback plays a substantial role solely in frontal cortex.

Alternatively, the heterogeneous elevation of 5-HText induced by fluoxetine in Auto-KO
mice could be due to changes in the sensitivity of terminal 5-HT1B autoreceptors. Such
changes have been detected in constitutive 5-HT1A KO mice (Boutrel et al., 2002).

Establishment of anxiety-like behavior
Mice lacking all 5-HT1A receptors (both autoreceptors and heteroreceptors) throughout life
display increased anxiety-like behavior (Ramboz et al., 1998). Subsequent gain-of-function
experiments, in which 5-HT1A receptors were ectopically overexpressed in forebrain areas
such as the cortex and striatum (in the absence of autoreceptors), reversed the increased
anxiety behavior in 5-HT1A KO mice (Gross et al., 2002). These findings led to the theory
that endogenous 5-HT1A heteroreceptors in the forebrain control the normal establishment
of anxiety-like behavior (Gross and Hen, 2004; Akimova et al., 2009; Goodfellow et al.,
2009; Zhang et al., 2010). A separate body of literature has implicated serotonergic tone
during postnatal development in determining anxiety-like behavior, with whole-life or early
postnatal blockade of the 5-HT transporter increasing anxiety in rodents (Lira et al., 2003;
Ansorge et al., 2004; Jennings et al., 2006). As one of the major modulators of serotonergic
tone, the 5-HT1A autoreceptors may likewise participate in the developmental establishment
of anxiety. Thus, both 5-HT1A autoreceptors and 5-HT1A heteroreceptors are well-
positioned to affect the circuitry underlying anxiety-like behavior.

Here we demonstrate, using a loss-of-function approach, that suppression of endogenous 5-
HT1A autoreceptors throughout life is sufficient to increase anxiety in the adult. Conversely,
loss of endogenous heteroreceptors beginning either in the early postnatal period or in
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adulthood is not sufficient to impact anxiety-like behavior. Together these results suggest
that the anxious-like phenotype of the 5-HT1A KO mouse likely results from increased
serotonergic neuron excitability during development. Thus, our results suggest a new
framework for interpreting the role of the 5-HT1A receptor in the developmental
programming of anxiety behavior that de-emphasizes the role of the heteroreceptors in favor
of autoreceptor-mediated serotonergic tone.

The results presented here by no means discount the role of serotonergic signaling in the
developing forebrain in establishing anxiety circuitry. Indeed, forebrain neurons undergo a
shift in their response to 5-HT during this time that corresponds to differential coupling of
excitatory and inhibitory receptor subtypes (Beique et al., 2004; Goodfellow et al., 2009).
Thus the serotonergic system can impact anxiety circuitry both at the level of
neurotransmitter release and through the relative balance of inhibitory and excitatory
response in the developing forebrain. However, using our loss-of-function approach, we
conclude that under normal conditions endogenous 5-HT1A forebrain heteroreceptors are not
the primary mediators of 5-HT’s effect on developing anxiety circuitry. Whether these
receptors might play a more prominent role under adverse conditions (i.e. with higher 5-HT
as result of stress) is beyond the scope of these experiments but remains an intriguing
hypothesis (Goodfellow et al., 2009).

Finally, our results highlight the importance of distinguishing between endogenous functions
of a receptor (often most clearly revealed through loss-of-function manipulations) and the
ability of a receptor to ectopically impact circuits (often most clearly revealed through gain-
of-function manipulations)(Gross et al., 2002; Kusserow et al., 2004). Recent evidence
suggests that the 5-HT1A receptor has great utility in pharmacogenomic experiments
designed to probe circuit function, but the phenotypes conferred by such manipulations
should not be confused with the endogenous role of the receptor (Tsetsenis et al., 2007;
Audero et al., 2008).

Behavioral effects of heteroreceptor suppression
In contrast to the widely recognized antidepressant effect of increasing 5-HT in the adult,
several pieces of evidence suggest that increased 5-HT tone in early development can
increase adult depression as well as anxiety. Although antidepressant drugs that increase
extracellular 5-HT levels reliably decrease immobility in adult rodents in the forced swim
test, mice lacking 5-HT transporter activity either throughout life or only during a postnatal
developmental period show increased immobility in the this test (Lira et al., 2003; Wellman
et al., 2007). Moreover, mice lacking enzymes necessary for the synthesis of 5-HT
throughout life (which display lower levels of 5-HText) show decreased immobility in the
forced swim test in adulthood (Savelieva et al., 2008). Thus, the circuitry underlying
responsiveness in the forced swim test response can be influenced by extracellular 5-HT
levels during development. Indeed, it appears that manipulations of extracellular 5-HT levels
during postnatal development result in behaviors that are directly opposite to those caused
by pharmacological manipulation of serotonin levels with SSRIs in adult animals.

Here we demonstrate that mice lacking 5-HT1A autoreceptors throughout life that display
increased anxiety-like behavior, nevertheless display no differences from their controls in
forced swim behavior in adulthood. In contrast, we demonstrate that mice lacking 5-HT1A
heteroreceptors beginning in development display decreased mobility, or increased
behavioral despair, in adulthood (Fig. 8). This phenotype was not observed when
heteroreceptor suppression was initiated in adulthood, suggesting that serotonergic signaling
in the forebrain during development stably impacts the circuitry underlying the behavioral
response to forced swim stress without affect conflict based anxiety measures.
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Together, our findings demonstrate a functional dissociation across both spatial (raphe
versus forebrain) and temporal (development versus adulthood) domains within a single
receptor subtype, and may be relevant to the partially overlapping set of genes and circuitry
underlying anxiety and depression-related behavior.
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Figure 1.
(A) Adult mice homozygous for the regulatable Htr1atetO allele and possessing one copy of
a tTS transgene express 5-HT1A receptors in normal patterns in the brain when maintained
on doxycycline, assessed by 125I-labelled MPPI autoradiography and shown in coronal
sections at the level of the hippocampus and raphe nucleus. A schematic of normal 5-HT1A
receptor binding in the sagittal plane is shown for reference. (B) Adult mice homozygous for
the regulatable Htr1atetO allele and possessing one copy of the α-CamKII-tTS transgene
express 5-HT1A raphe autoreceptors normally, but show almost no binding of forebrain
receptors when maintained in the absence of doxycycline. (C) Adult mice homozygous for
the regulatable Htr1atetO allele and possessing one copy of the Pet1-tTS transgene express 5-
HT1A forebrain heteroreceptors normally, but show almost no binding of raphe
autoreceptors when maintained in the absence of doxycycline. (D) Mice lacking 5-HT1A
autoreceptors (Auto-KO) and mice with autoreceptors in tact (Control) were generated by
maintaining Htr1atetO/tetO Pet1-tTS+ mice in the absence or presence of doxycycline
throughout life. (E) Mice lacking 5-HT1A heteroreceptors (Hetero-KO) and mice with
heteroreceptors intact (Control) were generated by maintaining Htr1atetO/tetOα CamKII-tTS+

mice in the absence or presence of doxycycline throughout life. Mice lacking
heteroreceptors beginning in adulthood (Adult-Hetero-KO) were maintained on doxycycline
until 7 weeks of age.
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Figure 2.
(A) Quantitative 125I-labelled MPPI autoradiography for 5-HT1A receptors revealed a
significant decrease in the dorsal raphe (i) of Auto-KO mice compared to their matched
Controls. Conversely, no difference was detected in forebrain regions (ii), such as the
ventral dentate gyrus of the hippocampus (HPC), the amygdala (AMG), and the entorhinal
cortex (EC). (B) (i)No difference was detected in binding in the dorsal raphe of Hetero-KO
or Adult-Hetero-KO mice compared to their matched controls. Conversely, binding was
significantly decreased in dorsal CA1 of the hippocampus (HPC) in both groups compared
to control (ii) (N=3–7/group). All values are mean ± SEM. ***p<0.0001. Matched
autoradiograms showing detailed expression patterns of 5-HT1A receptors binding across the
rostrocaudal extent of the brain in coronal section comparing (C) Auto-KO mice and their
Controls; and (D) Hetero-KO and Adult-Hetero-KO mice and their Controls. Low levels of
heteroreceptors remain in parts of the septum, olivary nucleus, and entorhinal cortex. (E)
Receptor binding in the postnatal developmental period in Hetero-KO mice and their
Controls. Matched sections are shown at the level of the dorsal hippocampus and the dorsal
raphe nucleus. Forebrain receptor suppression is complete by P14.
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Figure 3.
(A) Schematic depicting level of sections taken for slice recordings in the dorsal raphe of
Auto-KO mice. (B) Representative current traces from whole cell recordings in the dorsal
raphe of Auto-KO mice and their Controls in response to 5-CT. (C) Mean outward current
amplitude in response to 100 nm 5-CT was decreased in Auto-KO mice. Values are mean
±SEM. (N = 12–24/group). (D) Schematic depicting level of sections taken for slice
recordings in CA1 of the hippocampus in Hetero-KO mice. (E) Representative current traces
from whole cell recordings in CA1 hippocampal pyramidal cells of Hetero-KO mice and
their Controls in response to the 5-HT1A/7 agonist 5-CT. (F) Mean outward current
amplitude in response to 100 nm 5-CT was decreased in Hetero-KO mice. Values are mean
±SEM. (N = 19–22/group). **p =0.01, ***p<0.0001
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Figure 4.
(A) Hypothermic response to the 5-HT1A/7 agonist 8-OH DPAT is normal in Hetero-KO
mice (i) and their Controls (ii). (B) Hypothermic response to the 5-HT1A agonist 8-OH
DPAT is normal in Adult-Hetero-KO mice (i) and their Controls (ii). Hypothermic response
to the 5-HT1A agonist 8-OH DPAT is abolished in Auto-KO mice (i) and normal in their
Controls (ii), (n=3–6 mice/group/dose). Values are mean ±SEM; ***p<0.001.
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Figure 5.
(A) Extracellular serotonin levels measured by in vivo microdialysis in the vHPC (A) and
PFC (B) following injection of saline (t0) and 18mg/kg fluoxetine (t105). Values are mean ±
SEM for each time point. Total extracellular serotonin, measured by area under the curve
analysis compared to baseline, increases in the vHPC (C) and PFC (D) of both Auto-KO and
Control mice in response to acute fluoxetine treatment. Auto-KO mice display a larger
percentage increase than Controls in response to fluoxetine in the vHPC but not PFC. Values
are ± SEM (n=7–9 mice/group). *p<0.05, ***p<0.001.
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Figure 6.
(A) No group differences were detected between Hetero-KO mice and their Controls in the
total exploration (i) or percentage exploration of the center (ii) of the open field, (n=32). (B)
No group differences were detected between Hetero-KO mice and their Controls in total
exploration (i), percentage exploration of the light, (ii), or entries into the light (iii) in the
light/dark choice test, (n=41). (C) No group differences were detected between Adult-
Hetero-KO mice and their Controls in the total exploration (i) or percentage exploration of
the center (ii) of the open field, (n=47). (D) No group differences were detected between
Adult-Hetero-KO mice and their Controls in total exploration (i), percentage exploration of
the light, (ii), or entries into the light (iii) in the light/dark choice test, (n=30). (E) Auto-KO
mice displayed decreased total exploration (i) and decreased percentage exploration of the
center (ii) of the open field, compared to their Controls, (n=50). (F) Auto-KO mice
displayed less total exploration (i) and fewer entries into the light compartment (iii), but no
difference in percentage exploration of the light (ii) compared to their Controls in the light/
dark choice test, (n=37). All values are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7.
Hetero-KO mice displayed decreased mobility compared to the their Controls (A) across a
two day forced swim test, (N=48). No group differences were detected between Adult-
Hetero-KO (B) or Auto-KO mice (C) and their Controls across a two day forced swim test,
(N=34 and 44, respectively). All values are mean ± SEM. *p<0.05, **p<0.01.
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Figure 8.
Schematic depicting predicted behavioral roles of endogenous 5-HT1A auto- and
heteroreceptors in the juvenile and adult. Raphe autoreceptors are coded blue and forebrain
heteroreceptors in regions including the hippocampus (Hpc), amygdala (Amg) and cortex
(Ctx) are coded yellow. Endogenous autoreceptors, which limit levels of serotonin released
by raphe neurons, affect anxiety related circuitry in development or circuitry mediating
forced swim test behavior in the adult. Endogenous heteroreceptors, which exert inhibitory
control over certain forebrain neurons, affect forced swim test behavior but not anxiety in
the juvenile.
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Table 1

Mean basal serotonin levels (fmol/20μl dialysate) ± SEM in ventral hippocampus (HPC) and prefrontal cortex
(PFC).

5-HT (FMOL/20UL)

HPC PFC

CONTROL 2.8 ± 0.3 1.9 ± 0.1

AUTO-KO 3.7 ± 0.5 3.7 ± 0.7*
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