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SUMMARY

Impulsive and aggressive behaviors are both modulated by serotonergic signaling, specifically through
the serotonin 1B receptor (5-HT1BR). 5-HT1BR
knockout mice show increased aggression and
impulsivity, and 5-HT1BR polymorphisms are associated with aggression and drug addiction in humans. To dissect the mechanisms by which the
5-HT1BR affects these phenotypes, we developed
a mouse model to spatially and temporally regulate
5-HT1BR expression. Our results demonstrate that
forebrain 5-HT1B heteroreceptors expressed during
an early postnatal period contribute to the development of the neural systems underlying adult aggression. However, distinct heteroreceptors acting
during adulthood are involved in mediating impulsivity. Correlating with the impulsivity, dopamine
in the nucleus accumbens is elevated in the
absence of 5-HT1BRs and normalized following
adult rescue of the receptor. Overall, these data
show that while adolescent expression of 5-HT1BRs
influences aggressive behavior, a distinct set of
5-HT1B receptors modulates impulsive behavior
during adulthood.
INTRODUCTION
Impulsivity and aggression are related behavioral phenotypes
that are both modulated by serotonin (Coccaro, 1992).
Although highly comorbid, frequently affected by the same
manipulations, and often referred to as a single trait—impulsive-aggression (Balleine and Dickinson, 1998; Dalley et al.,
2002)—they are distinct behavioral constructs with potentially
discrete underlying neural systems (Garcı́a-Forero et al.,
2009). Little is known about how serotonin modulates the
underlying neural circuits or whether there is a developmental contribution to these effects. Studies in humans

and a variety of animal models suggest that increased serotonergic signaling during development is associated with
increased aggressive and impulsive behavior (Cases et al.,
1995; Dennis et al., 2013; Ricci and Melloni, 2012). However, the reverse is true in adulthood—serotonin levels are
inversely correlated with aggression, impulsivity, and risky
behavior (Audero et al., 2013; Brown et al., 1979; Crockett
et al., 2009; Higley and Linnoila, 1997). These differential
effects may be mediated by distinct underlying neural circuits
and/or different sensitive periods. Since aggression and impulsivity are intermediate phenotypes in a number of mental
health disorders, including addictive disorders, antisocial personality disorder, and attention deficit disorder, understanding
the underlying neural circuit(s) may help develop more effective treatments.
The serotonin 1B receptor (5-HT1BR) is implicated in both
aggressive and impulsive behavior. In humans, polymorphisms in 5-HT1BR have been linked to impulsive aggression,
anger, conduct disorder, and other disorders that have
dysregulated impulse control such as substance use disorders
(Cao et al., 2013; Conner et al., 2010; Jensen et al., 2009;
Zouk et al., 2007). In mouse models, 5-HT1BR knockout
(KO) mice are highly aggressive and impulsive. Specifically,
conspecific male territorial aggression is increased—KO
residents attack intruders more often and with a shorter
latency (Saudou et al., 1994). KO mice also exhibit increased cocaine self-administration and low response inhibition (Pattij et al., 2003; Rocha et al., 1998). While these
studies implicate 5-HT1BR in modulating adult aggressive
and impulsive behavior, they do not address the potential
developmental impact of 5-HT1BR, nor delineate the underlying neural circuits.
The 5-HT1BR is a G protein coupled receptor (GPCR) that
inhibits neurotransmitter release from both serotonergic and
non-serotonergic neurons (reviewed in Sari, 2004). The ‘‘autoreceptor’’ population of 5-HT1BRs is located on the axon
terminals of serotonergic cells, thus affecting the release of
serotonin in many brain regions. The ‘‘heteroreceptor’’ population of 5-HT1BRs is located on nerve terminals of neurons
from other neurotransmitter systems including glutamate,
GABA, dopamine, and acetylcholine (Boschert et al., 1994;
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Figure 1. Characterization of the Tissue-Specific Regulation of 5-HT1BR Expression in the Floxed tetO1B Transgenic Mouse Model
Top: schematics of transgenic constructs used to manipulate 5-HT1B receptor expression are shown for single tetO1B+/+ transgenic (A), b-actin-tTS+::tetO1B+/+
(D), CaMKII-tTS+::tetO1B+/+ (G), and ePet-Cre+::tetO1B+/+ (J) mice. Cartoons of brains illustrate regions of 5-HT1BR mRNA, including cortex (ctx), dorsal striatum
(str), hippocampus (hpc), hypothalamus (hyp), thalamus (thal), substantia nigra (sn), raphe, and cerebellum (cb). Regions of mRNA knockdown are indicated for
each manipulation by a lack of shading. Middle: receptor autoradiographs show heat map distribution of 125I-cyanopindolol receptor binding in three representative coronal sections throughout the brain, rostral at bregma +0.5 mm, mid at bregma 2.3 mm, caudal at bregma 3.5 mm for tetO1B+/+ (B), b-actintTS+::tetO1B+/+ (E), and CaMKII-tTS+::tetO1B+/+ (H) mice. Color scheme from red to blue indicates highest to lowest binding. Representative photomicrographs
show DIG-labeled 5-HT1BR mRNA in the raphe and the dorsal striatum as a control region, for ePet-Cre and ePet-Cre+ mice (K). Bottom: quantification of
receptor binding and 5-HT1B mRNA expression for tetO1B+/+ (C), b-actin-tTS+::tetO1B+/+ (F), CaMKII-tTS+::tetO1B+/+ (I), and ePet-Cre+::tetO1B+/+ (L) mice are
represented as group means ± SEM. Left axis shows levels of receptor binding in cortex, dorsal striatum, nucleus accumbens, hypothalamus, and substantia
nigra. The number of 5-HT1BR mRNA+ cells in the raphe are shown for each transgenic mouse line and littermate controls on the right axis. Data are presented as
group means ± SEM, *p < 0.05.
See also Figure S1.

Pazos et al., 1985). In all cases, the receptor is synthesized in
the cell body and transported to pre-synaptic terminals, where
it is coupled to either the G protein Gi or Go (Boschert et al.,
1994) and inhibits neurotransmitter release (Mizutani et al.,
2006).
To dissect the role of the 5-HT1BR in mediating aggressive
and impulsive behavior, we have generated a targeted transgenic mouse that permits temporal and spatial regulation of
5-HT1BR (Figure 1). A floxed tetracycline operator (tetO)-5HT1B cDNA cassette has been inserted in place of the
endogenous coding region of htr1b to generate Htr1btetO/tetO
mice (referred to as tetO1B). Crossing tetO1B mice to transgenic mice expressing either the tetracycline-dependent transcriptional silencer (tTS) or Cre recombinase allows knockdown of htr1b expression. Here we have used the
814 Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc.

ubiquitous b-actin promoter and two tissue-specific promoters—CaMKIIa and Pet1—to drive 5-HT1BR knockdown
of all receptors, forebrain heteroreceptors, or autoreceptors,
respectively. Our data show that ubiquitous knockdown results in aggressive and impulsive behavior (in keeping with
the original knockout phenotype). However, rescue of receptor
expression in adulthood with doxycycline reverses the impulsive, but not the aggressive, phenotype. This suggests that
adult aggression can be determined early during development, while impulsivity can be modulated throughout adulthood. Furthermore, CaMKIIa-mediated forebrain knockdown
results in aggressive, but not impulsive, behavior. Overall,
our data indicate that the 5-HT1BR mediates aggressive and
impulsive behavior through modulation of distinct circuits at
different times.

Figure 2. Characterization of the Temporal Regulation of 5-HT1BR Expression in the Floxed tetO1B Transgenic Mouse Model
Diagrams are shown for the approximate time course of receptor expression in the brain of b-actin-tTS+ mice following doxycycline treatment throughout life or
beginning in adulthood. Schematic charts show protein levels of autoreceptors (red), heteroreceptors in CaMKII+ cells (green), and all other heteroreceptors (blue)
throughout development. Bars below chart depict the timing of doxycycline administration, with black indicating the presence of doxycycline and white indicating
its absence. The quantification of receptor binding (left) and the number of 5-HT1BR mRNA+ cells (right) are shown for b-actin-tTS+ mice and b-actin-tTS
controls following whole-life rescue (A), adult rescue (B), and adult knockdown (C). Data are presented as group means ± SEM.
See also Figures S2 and S3.

RESULTS
Generation and Characterization of Tissue-Specific
and Conditional 5-HT1BR Transgenic Mouse
Insertion of the floxed tetO1B cassette (tet operator and htr1b
cDNA) in place of the endogenous htr1b gene did not alter baseline expression of 5-HT1BR in the brain (Figures 1A–1C, S1A–
S1C, and S1E; F1,6 = 0.01, p > 0.05). Crossing tetO1B mice to
b-actin-tTS mice (henceforth referred to as b-actin-tTS mice)
(Mallo et al., 2003) yielded mice with ubiquitous knockdown of
5-HT1BR (Figure 1D). Throughout life, these mice had an
absence of all receptor binding throughout the brain (Figures
1E, 1F, S1D, and S1F; tTS versus tTS+: F1,6 = 58.92, p <
0.001; tTS+ versus zero: t83 = 0.66, p > 0.05). For tissue-specific
knockdown, tetO1B mice were crossed to CaMKIIa-tTS mice
(Richardson-Jones et al., 2011) to assess the contribution of heteroreceptors. CaMKIIa-tTS+::tetO1B+/+ (henceforth referred to
as CaMKII-tTS+) mice showed postnatal knockdown of the
expression of one subset of forebrain receptors in the striatum,
hippocampus, and cortex (Figure 1G). This resulted in a
decrease of 5-HT1BR binding in the striatum, hippocampus, cortex, substantia nigra, subthalamic nucleus, olfactory tubercle,
and globus pallidus by postnatal (PN)21 (Figures 1H, 1I, S1G,
S1H, and S3C; F1,6 > 10.90, p < 0.05). 5-HT1BR binding was unaffected in other brain regions measured that represent the remaining population of 5-HT1B heteroreceptors (Figure S1G;

F1,6 = 0.51, p > 0.05). These results demonstrate the ability to
spatially regulate 5-HT1BR expression in the tetO1B mice.
TetO1B mice were also crossed to mice expressing the ePetCre transgene (Scott et al., 2005) (B6.Cg-Tg(Fev-cre)1Esd/J,
stock 012712; Jackson Laboratory). ePet-Cre::tetO1B+/+ mice
(henceforth referred to as ePet-Cre mice) had normal 5-HT1BR
expression in all brain regions as measured by receptor autoradiography (F1,6 = 0.19, p > 0.05); however, any differences in receptor binding in ePet-Cre+ mice were likely obscured due to the
fact that autoreceptors are distributed widely at relatively low
density throughout brain regions that also contain high expression of heteroreceptors (Figure 1J). To determine the extent of
autoreceptor knockdown, 5-HT1BR mRNA was assessed in
the raphe. The number of 5-HT1BR mRNA positive cells was
reduced in the raphe (Figure 1K; F1,6 = 44.30, p < 0.001), but
not other brain regions (Figure 1L), of ePet-Cre+ mice. Because
some mRNA expression remained in the raphe, we confirmed
the functional effect of autoreceptor knockdown using serotonin
microdialysis (Figure S1I; t20 = 4.69, p < 0.001).
Receptor expression was also regulated temporally in b-actintTS mice by administering doxycycline in the food. Whole-life
administration of doxycycline to b-actin-tTS+ mice resulted in
rescue of the receptor throughout the brain (Figures 2A, S2A,
and S2B; b-actin-tTS+ with doxycycline versus tTS with doxycycline: F1,6 = 0.10, p > 0.05). Additionally, administration
of doxycycline beginning in adulthood rescued receptor
Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc. 815

expression throughout the brain (Figures 2B, S2C, and S2D;
F1,9 = 0.61, p > 0.05). A time course analysis of the rescue of receptor expression revealed that expression returned to normal
levels by 21 days after beginning doxycycline administration
(Figure S3A). Adult knockdown was also possible in the b-actin
line through withdrawal of doxycycline at PN60. Although the
knockdown was not as complete as whole-life knockdown (receptor binding values were significantly different from 0 at
PN120, t83 = 6.78, p < 0.001), there was a significant reduction
compared to littermate tTS controls (Figures 2C, S2E, and
S2F; F1,6 = 68.63, p < 0.001).
Aggressive Behavior Is Mediated by Developmental
Expression of Forebrain 5-HT1B Heteroreceptors
b-actin-tTS+ mice that lacked all 5-HT1BR throughout life were
more aggressive compared to b-actin-tTS tetO1B littermates
(Figure 3A), which is consistent with the phenotype seen in
constitutive 5-HT1B KO mice (Saudou et al., 1994). All pairs of
b-actin-tTS+ mice (six out of six) displayed aggressive behavior,
while only one pair of tTS mice showed aggression (Figure 3B;
c21 = 8.57, p < 0.01). b-actin-tTS+ duration of aggression was
also increased—on average displaying aggressive behaviors
including mounting, tail rattling, and/or biting attacks for over a
minute out of the 5-min session (Figure 3C; F1,10 = 25.13, p <
0.05). Compared to controls, the number of attacks was also
increased in b-actin-tTS+ mice (Figure S4A; F1,10 = 8.31, p <
0.05). Their latency to attack was also significantly lower (Figure S4B; c21 = 10.0, p < 0.005), but there was no significant difference in the duration of non-aggressive social behavior
compared to controls (Figure S4G; F1,10 = 2.04, p > 0.05).
Whole-life rescue of 5-HT1BR expression in b-actin-tTS+ mice
(dox all life) rescued behavior to control levels of aggression.
Specifically, only one out of nine b-actin-tTS+ pairs on doxycycline showed aggressive behavior, which was not significantly
different compared to their b-actin-tTS littermates (Figure 3B;
c21 = 0.01, p > 0.05).
Interestingly, adult rescue of 5-HT1BR in b-actin-tTS+ mice
did not rescue normal behavior. Following doxycycline treatment beginning at PN60, all eight of eight b-actin-tTS+ pairs
were aggressive, significantly more than b-actin-tTS pairs (Figure 3B; c21 = 10.37, p < 0.01). b-actin-tTS+ pairs showed an
average of over a minute of aggressive behavior during the
5 min test, significantly more than b-actin-tTS pairs (F1,12 =
16.76, p < 0.05). This duration of aggression in b-actin-tTS+
mice treated in adulthood with doxycycline was comparable to
that seen in b-actin-tTS+ mice in the absence of the receptor
throughout life, suggesting no amelioration of the behavioral
phenotype with adult rescue of the receptor. b-actin-tTS+ mice
with adult rescue of the receptor also had an increased number
of attacks and decreased latency to attack compared to b-actintTS mice, but the duration of non-aggressive social behavior
was unchanged (Figure S4G; F1,12 = 5.78, p < 0.05; c21 = 8.89,
p < 0.005; F1,12 = 0.19, p > 0.05, respectively). Additionally, to
ensure that aggression did not result from knocking down
5HT1BR for an extensive period of time (i.e., 60 days) regardless
of the developmental stage, aggression was measured following
adult knockdown of 5-HT1BR by removal of doxycycline at
PN60. Pairs of b-actin-tTS+ mice were not significantly more
816 Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc.

aggressive than tTS control pairs (Figure 3B; c21 = 0.42, p >
0.05). These data suggest that developmental expression of
5-HT1BR is important for the regulation of adult aggressive
behavior.
The inability to rescue the normal phenotype with adult rescue
of the receptor was noteworthy, given pharmacology studies
that show that activation of 5-HT1BRs with agonists (e.g., ‘‘serenics’’) reduce adult aggressive behavior in mice (Fish et al.,
1999). To address this, CP-94,253, a 5-HT1BR-specific agonist,
was injected intraperitoneally (i.p.) into b-actin-tTS+ mice with
adult rescue of the receptor. CP-94,253 injection reduced
aggression in mice with adult rescue of the receptor, compared
to vehicle injection, in number of pairs attacking (Figure S4H;
c21 = 9.60, p < 0.01) and number of attacks (Figure S4I; F1,14 =
16.9, p < 0.01). There was no significant reduction in aggression
in CP-94,253-treated b-actin-tTS+ mice without rescue of
5-HT1BR expression (F1,14 = 0.121, p > 0.05), suggesting that
the effect of CP-94,253 on aggression was specific to
5-HT1BRs. These data demonstrate that the adult-rescued
5-HT1BRs are functional and also highlight that there are distinct
adult and developmental effects of 5-HT1BR on mouse
aggression.
Early postnatal rescue of 5-HT1BR expression was able to
reverse the aggressive phenotype in b-actin-tTS+ mice. Administration of doxycycline beginning at PN0, but not at PN7, prevented the development of adult aggression (Figure 3B). Specifically, following administration of doxycycline beginning at PN0,
there was no significant difference between genotypes in the
percent of pairs showing aggression (c21 = 0.41, p > 0.05) nor
in the time spent engaging in aggressive behaviors (Figure 3C;
F1,8 = 3.23, p > 0.05). Conversely, when doxycycline administration began at PN7, b-actin-tTS+ mice showed elevated aggression compared to b-actin-tTS controls (Figure 3B; c21 = 6.20,
p < 0.05 for PN7). Since rescue of receptor expression led to
normal expression levels by 21 days after the start of doxycycline
administration (Figure S3C), these data suggest a sensitive
period of approximately PN21–PN28 for the development of
aggressive behavior.
Further localizing the 5-HT1BR subpopulation(s) subserving
aggressive behavior, we found that knockdown of postnatal
forebrain heteroreceptors using CaMKII-tTS+ mice resulted in
increased aggressive behavior. Specifically, more CaMKII-tTS+
pairs were aggressive compared to CaMKII-tTS pairs (Figure 3D; 11 of 14 for tTS+ versus 3 of 11 for tTS ; c21 = 6.58,
p < 0.05). Additionally, CaMKII-tTS+ mice spent more time on
average engaging in aggressive behavior—consisting mostly of
tail rattling and biting attacks (Figures 3E and S4C; F1,23 =
7.60, p < 0.05)—and also had a shorter latency to attack (Figure S4D; c21 = 13.44, p < 0.001). Whole-life treatment with doxycycline reduced the aggression in CaMKII-tTS+ mice to control
levels (Figure 3D; c21 = 0.42, p > 0.05) and lengthened the latency
to attack (Figure S4D; c21 = 0.25, p > 0.05). The time course of
the CaMKII-tTS-mediated knockdown (see Figure S3C) was
consistent with the sensitive period suggested from the
b-actin-tTS studies above. Specifically, the majority of forebrain
heteroreceptor knockdown in CaMKII-tTS+ mice was achieved
by PN21, with the full extent of knockdown by PN28. Taken
together, these data suggest that expression of forebrain

Figure 3. Developmental Expression of 5-HT1B Heteroreceptors Contributes to Aggressive Behavior in Adult Male Mice
(A) Schematic of experimental paradigm used for isolation-induced aggression assay that includes co-housing with females for the first week and three subsequent interactions. Data from first interaction (shaded gray) is not included in analysis to allow for stabilization of aggressive behavior.
(B) The percentage of pairs of mice showing aggressive behavior is shown for b-actin-tTS control mice (black) and littermate b-actin-tTS+ mice (yellow) in six
experimental conditions: no doxycycline all life (whole-life knockdown), all-life doxycycline treatment (whole-life rescue), doxycycline treatment beginning at
PN60 (adult rescue), doxycycline administrations ending at PN60 (adult knockdown) and doxycycline treatment beginning at PN7 or PN0 (rescue at PN7 or PN0).
(C) Duration of aggressive behavior is shown, divided by type of behavior including biting, tail rattling, and mounting, for b-actin-tTS control mice (shades of
black) and b-actin-tTS+ (shades of yellow), presented as group means ± SEM.
(D and F) Percentage of pairs of CaMKII-tTS+ (green) or ePet-Cre+ (red) mice showing aggressive behavior compared to pairs of littermate controls (black).
(E and G) Duration of aggressive behavior is shown for CaMKII-tTS+ (shades of green), ePet-Cre+ (shades of red), and control mice (shades of black). Data are
presented as group means ± SEM, *p < 0.05.
See also Figure S4.

heteroreceptors during the pubertal period is important for the
development of male aggression.
5-HT1B autoreceptor knockdown in ePet-Cre+ mice did not
significantly affect aggressive behavior. While baseline aggression was higher in this strain resulting in five out of eight pairs
showing aggressive behavior in the control ePet-Cre mice,
they were not significantly different from ePet-Cre+ mice (Fig-

ure 3F; c21 = 0.58, p > 0.05). There were also no significant differences between control ePet-Cre+::tetO1B / mice compared to
ePet-Cre ::tetO1B / littermates (Figure 3F; c21 = 0.25, p >
0.05), ruling out effects of the transgene insertion on aggression
in this paradigm. Additionally, there were no significant differences in the time spent engaging in aggressive behaviors (Figure 3G; F1,13 = 0.45, p > 0.05), number of attacks (Figure S4E;
Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc. 817

Figure 4. Adult Expression of 5-HT1BR
Mediates Impulsive Behavior in the DRL
Paradigm

A

B
C

D

E

F1,13 = 1.88, p > 0.05), or latency to attack (Figure S4F; c21 = 1.79,
p > 0.05).
Impulsive Behavior in the DRL Is Mediated by Adult
Expression of 5-HT1BRs
Two operant behavior paradigms were used to measure two aspects of impulsivity. The first, a differential reinforcement of lowrate responding (DRL) paradigm, reinforced the ability of a
mouse to refrain from responding for a set time period. For
example, in a DRL-36 paradigm, mice only receive a reward
following a lever press if the lever press was preceded by 36 s
818 Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc.

(A) Schematic describing the DRL operant paradigm.
(B and D) The distribution of the latencies of lever
presses in the DRL is shown for b-actin-tTS+ mice
(yellow) and their littermate b-actin-tTS controls
(black) for whole-life knockdown (B) and adult
rescue (D) groups. Group means ± SEM are presented for latencies binned in 3 s intervals. The
dotted line represents the minimum response latency (36 s) that is rewarded.
(C and E) The average ratio of the number of lever
presses to the number of rewards earned ± SEM is
shown for whole-life knockdown (C) and adult
rescue (E) groups. *p < 0.05.
See also Figure S5.

of no lever pressing (Figure 4A). Wholebrain knockout of the 5-HT1BR in
b-actin-tTS+ mice resulted in deficits in
the DRL task, indicating a more impulsive
phenotype, as seen in the constitutive
5-HT1BR knockout (Pattij et al., 2003).
Compared to littermate b-actin-tTS controls, b-actin-tTS+ mice had 80% more
burst responses, which are responses
with a latency of <3 s (Figure 4B; F1,28 =
7.2, p < 0.05). The latencies of the remaining non-burst responses represented a
unimodal distribution that was significantly different between genotypes (Figure 4B; F1,28 = 23.63, p < 0.05). The distribution was left-shifted in b-actin-tTS+
mice, indicating increased premature responding (genotype 3 latency interaction: F18,504 = 11.79, p < 0.05). Cumulative
distribution functions of individual animals
revealed that the majority of responses
from b-actin-tTS+ mice were made earlier
than those of their littermate tTS controls
(Figure S5C). This resulted in an increased
number of non-rewarded lever presses
and therefore a significantly higher
response-to-reward ratio in b-actin-tTS+
mice (Figure 4C; F1,28 = 11.89, p < 0.05).
Finally, a Gaussian function was fitted to the non-burst response
distribution and revealed a significantly earlier peak responding
latency in b-actin-tTS+ mice compared to b-actin-tTS controls,
whose peak responding was nearly 10 s later (Figure S5D; F1,28 =
23.04, p < 0.05). The poor performance of the b-actin-tTS+ mice
in the DRL paradigm was not likely due to a lack of learning, since
the peak of the response distribution increased as the target wait
time was increased during training (Figure S5B). In fact, the number of sessions required to meet criterion in lever pressing acquisition was lower in b-actin-tTS+ mice, suggesting no deficit in
overall operant learning (F1,28 = 4.91, p < 0.05). Additionally,

A
B

Figure 5. Neither CaMKII-tTS+ nor ePetCre+ Mice Show Impulsive Behavior in the
DRL Paradigm
(A and C) The distribution of the latencies of lever
presses in the DRL is shown for CaMKII-tTS+ mice
(green), ePet-Cre+ mice (red) and their respective
littermate controls (black). Group means ± SEM
are presented for latencies binned in 3 s intervals.
The dotted line represents the minimum response
latency (36 s) that is rewarded.
(B and D) The average ratio of the number of lever
presses to the number of rewards earned ± SEM is
shown for each group.
See also Figure S6.

C
D

there were no significant differences in the number of head entries into the reward receptacle (Figure S5E; F1,28 = 1.81, p >
0.05). A control experiment ruled out an effect of the tTS transgene insertion on DRL behavior, as the behavior of b-actintTS+ mice treated with doxycycline throughout life was not significantly different from that of littermate control b-actin-tTS mice
(Figures S5K–S5P). Overall, these data confirmed a role for
5-HT1BRs in regulating impulsivity.
Interestingly and unexpectedly, the impulsive phenotype was
fully recovered with adult rescue of 5-HT1BR, differentiating it
from the aggressive phenotype. Doxycycline treatment beginning in adulthood (PN60) resulted in no significant genotype
differences between b-actin-tTS and b-actin-tTS+ mice in
any parameter analyzed from the DRL paradigm (Figures S5F–
S5J). Specifically, burst and non-burst responding in
b-actin-tTS+ mice were normalized to control levels (Figure 4D;

F1,26 = 0.61, p > 0.05), and the distribution
of non-burst responses was not significantly different from b-actin-tTS controls (F1,26 = 0.01, p > 0.05). The cumulative distribution functions of individual
animals were overlapping (Figure S5H),
and there were no significant differences
between genotypes in the ratio of lever
presses to rewards earned (Figure 4E;
F1,26 = 0.05, p > 0.05). The means of the
fitted curves were not significantly different for b-actin-tTS and b-actin-tTS+
mice treated with doxycycline (Figure S5I;
F1,26 = 0.02, p > 0.05). Taken together with
the data from the aggression assays,
adult rescue of 5-HT1BRs resulted in
aggressive, but not impulsive mice. This
dissociates the impulsive phenotype
from that of aggression and suggests
different sensitive periods of serotonergic
modulation.
The contribution of 5-HT1B autoreceptors and forebrain heteroreceptors to the
impulsive phenotype was also assessed
in the DRL operant paradigm. Neither
CaMKII-tTS+ nor ePet-Cre+ mice were
more impulsive than their littermate controls (Figures 5 and S6A–S6J). There were no significant genotype differences in the number of burst lever presses (Figure 5A,
F1,11 = 1.82, p > 0.05 for CaMKII-tTS; Figure 5C, F1,16 = 0.93, p >
0.05 for ePet-Cre), or in the distribution of lever press latencies
(F1,11 = 2.48, p > 0.05 for CaMKII-tTS; F1,16 = 0.34, p > 0.05 for
ePet-Cre). The cumulative distribution functions of individual
animals showed largely overlapping response curves for both
CaMKII-tTS+ and ePet-Cre+ mice compared to their littermate
controls (Figures S6C and S6H). Lastly, there were no significant
differences in the ratio of lever presses to rewards earned (Figure 5B, F1,11 = 3.21, p > 0.05 for CaMKII-tTS; Figure 5D, F1,16 =
0.06, p > 0.05 for ePet-Cre), nor in the means of the curves fitted
to lever press response distributions (Figures S6D and S6I; F1,11 =
2.18, p > 0.05 for CaMKII-tTS; F1,16 = 0.10, p > 0.05 for ePet-Cre).
Control experiments comparing ePet-Cre+::tetO1B / mice to
ePet-Cre ::tetO1B / mice, and CaMKII-tTS+ mice treated
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Figure 6. Adult Expression of 5-HT1BR Mediates Impulsive Behavior in a Go/No-Go Task
(A) Schematic illustrating the house-light and lever-light cues in the operant box during the inter-trial interval (ITI) and during Go and No-Go trials.
(B and C) The group means ± SEM of the impulsivity index, defined as the number of rewarded No-Go trials subtracted from the number of rewarded Go trials, is
shown over 15 days for b-actin-tTS (black) and tTS+ (yellow) mice in the absence of doxycycline (B) or following adult administration (C). No-Go trials lasted for
5 s on the first 12 days, and 10 s on days 13–15. *p < 0.05.
See also Figure S7.

with doxycycline throughout life to CaMKII-tTS mice treated
with doxycycline throughout life, showed no significant effects
of insertion of either transgene on behavior in the DRL (Figures
S6K–S6V). Compared to the results from the aggression studies,
the data again suggest a dissociation of aggressive and impulsive behaviors, with forebrain heteroreceptor knockdown resulting in increased aggression, but not impulsivity.
Impulsive Behavior in the Go/No-Go Task Is Mediated by
Adult Expression of 5-HT1BRs
To extend the behavioral differences seen in the DRL paradigm, a
second operant behavioral task measuring impulsivity was used.
A mouse model of the Go/No-Go paradigm adapted from previous studies (McDonald et al., 1998) rewarded the ability to refrain
from responding during specific trials. Mice were presented with
‘‘Go’’ trials, in which lever presses were rewarded, and ‘‘No-Go’’
trials, in which an absence of lever pressing was rewarded (Figure 6A). b-actin-tTS+ mice were more impulsive than b-actintTS littermate controls, and the behavioral deficit was ameliorated with doxycycline treatment in adulthood. Specifically, in
the absence of doxycycline, b-actin-tTS+ mice were more impulsive across all trials compared to b-actin-tTS controls as indexed by the number of correct No-Go trials subtracted from
the number of correct Go trials (Figure 6B; F1,27 = 14.29, p <
0.001). Broken down by trial type, b-actin-tTS+ mice earned
more rewards during Go trials (Figure S7A; F1,27 = 7.75, p <
0.01) and fewer rewards during No-Go trials (Figure S7B;
F1,27 = 11.63, p < 0.005) compared to b-actin-tTS mice. Over
820 Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc.

the 12 sessions, while both genotypes decreased their impulsivity index, the decrease was greater in b-actin-tTS mice
(genotype 3 session interaction: F11,297 = 3.03, p < 0.001). During
the 12th session, b-actin-tTS+ mice had significantly more false
alarms (unrewarded No-Go trials), averaging over 60%,
compared to b-actin-tTS mice, who had a 36% false alarm
rate (F1,27 = 5.58, p < 0.05). Increasing the duration of the NoGo trials from 5 s to 10 s resulted in decreases in the performance
of both genotypes, as measured by impulsivity index. However,
b-actin-tTS mice were able to recover their performance within
3 days, while b-actin-tTS+ mice were not (Figure 6B; F2,54 = 4.65,
p < 0.05). These deficits in the performance of b-actin-tTS+ mice
in the Go/No-Go task suggested an impulsive phenotype,
consistent with results from the DRL paradigm.
To confirm that the poor performance seen in the b-actin-tTS+
mice in the Go/No-Go task was due to an impulsive phenotype
rather than a deficit in the ability to learn the trial cues, a control
experiment assessed cue-based learning. In this task, the cues
that signaled Go and No-Go trials were used to signal left-lever
or right-lever trials, and as such, all trials required a response
(Figure S7C). The number of correct trials, represented by the
number of rewards earned, was not different between genotypes
(Figure S7D; F1,27 = 2.27, p > 0.05). This suggests that the
inability to withhold responses during No-Go trials was not due
to a deficit in cue-learning.
Rescue of 5-HT1BR expression in adulthood with administration of doxycycline resulted in no significant differences in performance in the Go/No-Go task between b-actin-tTS+ mice
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and b-actin-tTS controls. Specifically, there were no significant
differences in impulsivity index (Figure 6C; F1,27 = 0.10, p > 0.05),
number of correct Go trials (F1,27 = 0.01, p > 0.05), or number of
correct No-Go trials (F1,27 = 0.30, p > 0.05). The number of false
alarms on day 12 was also not significantly different between genotypes (F1,27 = 0.01, p > 0.05). These results were consistent
with performance seen in the DRL, suggesting that adult expression of 5-HT1BRs modulates impulsivity as measured in two operant assays of behavioral inhibition.
Adult 5-HT1BRs Regulate Dopamine Levels in the
Nucleus Accumbens
Given the importance of dopamine in modulating impulsive
behavior (Cole and Robbins, 1989; Pattij et al., 2007), we
measured dopamine (DA) levels in our knockdown mice. To
determine the effects of 5-HT1BR expression on CNS DA levels,
microdialysis was performed in the nucleus accumbens (NAc)
and dorsal striatum following peripheral injection of GBR
12090, a DA transporter (DAT) blocker (Figures S8C and S8D).
There was a main effect of 5-HT1BR expression on DA levels in
the NAc (Figure 7A; F3,32 = 5.18, p < 0.01). b-actin-tTS+ mice
had significantly greater increases in DA levels in the NAc
compared to b-actin-tTS mice (F1,20 = 9.71, p < 0.01). Interestingly, adult rescue of the 5-HT1BR normalized DA levels in the
NAc of b-actin-tTS+ mice. Specifically, adult treatment with doxycycline in b-actin-tTS+ mice resulted in significantly smaller GBR
12090-induced DA increases compared to b-actin-tTS+ mice
without doxycycline (F1,13 = 7.05, p < 0.05); the DA increases in
b-actin-tTS+ mice were not significantly different from those of
b-actin-tTS mice or b-actin-tTS+ mice given doxycycline
throughout life (F1,21 = 0.55, p > 0.05 and F1,12 = 0.06, p > 0.05,
respectively). These results suggest that adult expression of
5-HT1BR regulates NAc DA levels. In contrast, there were no significant effects of 5-HT1BR expression on levels of DA in the dorsal striatum, as previously reported (Shippenberg et al., 2000)
(Figure 7B; F3,32 = 1.53, p > 0.05). There were also no group differences in the baseline levels of DA in the NAc or dorsal striatum
(Figure S8A, NAc: F3,32 = 1.60,p > 0.05; Figure S8B, dorsal striatum: F3,32 = 1.66, p > 0.05). These data indicate that 5-HT1BRs
regulate DA release in the NAc during adulthood, which may be
a mechanism by which 5-HT1BRs affect impulsivity.

DISCUSSION
The development of a tissue-specific and temporally conditional
5-HT1BR mouse model allowed us to investigate the contribution of serotonin signaling to the neural circuits underlying
aggression and impulsivity (Figure 8). First, we showed that
aggressive behavior is mediated by the developmental expression of 5-HT1B heteroreceptors. Specifically, whole-life,
whole-brain knockdown of 5-HT1BRs resulted in increased
aggressive behavior, in agreement with our previous results using constitutive knockouts (Saudou et al., 1994). Consistent with
the presence of a developmental sensitive period, rescue of
5-HT1BR expression in early post-natal development, but not
in adulthood, ameliorated the aggressive behavior. Furthermore,
forebrain heteroreceptors located on CaMKII-expressing cells
mediated this aggressive phenotype, while a reduction in autoreceptors did not modulate aggression. In contrast, the data
show a different pattern for the modulation of impulsive behavior.
Using two operant conditioning paradigms (DRL and Go/NoGo), mice that lacked all 5-HT1BRs were unable to withhold
lever pressing responses, suggesting heightened impulsivity.
Interestingly, this impulsive phenotype was fully reversed by
rescue of receptor expression in adulthood. Similar to aggression, knockdown of 5-HT1B autoreceptors did not affect
impulsive behavior. However, unlike in aggression, forebrain
5-HT1BRs located in CaMKII-expressing cells did not mediate
impulsive behavior. Since CaMKII-tTS+ cells represent only a
subset of 5-HT1B heteroreceptor-containing neurons, these
data suggest that a different set of 5-HT1B receptors, located
on either non-CaMKII+ neurons, neurons in regions not knocked
down by our CaMKII-tTS line (e.g., lateral septum, hypothalamus, VTA), or even non-neuronal cells are involved in modulating
impulsivity compared to aggressive behavior. Overall, the data
presented here support the claim that serotonin can affect
aggression and impulsivity through distinct circuits and during
different time periods by acting through 5-HT1BRs.
We have discovered a developmental sensitive period during
which serotonin affects later-life adult aggressive behavior.
Many studies in both humans and animal models now support
the idea that there are specific periods of development during
which genetic and environmental perturbations can influence
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Figure 8. Summary of Spatial and Temporal Contributions of 5-HT1BR to Aggression, Impulsivity, and Dopamine Levels

adult phenotypes related to psychiatric disorders, including anxiety, depression, aggression, and antisocial personality disorder
(Ansorge et al., 2004; Caspi et al., 2002, 2003; Dodge et al., 1990;
Richardson-Jones et al., 2011). Aggressive behavior has been
linked to developmental alterations in monoamine levels through
disruptions in monoamine oxidase A (MAOA) activity. A genetic
null mutation in the gene encoding MAOA results in increased
aggressive and antisocial behavior (Brunner et al., 1993). A
less severe reduction in MAOA activity caused by a variable
number tandem repeat polymorphism in the MAOA promoter is
associated with conduct disorder and antisocial behavior when
coupled with childhood maltreatment (Caspi et al., 2002). Lastly,
an MAOA KO mouse model displays increased aggressive
behavior, which correlates with altered developmental levels of
serotonin and norepinephrine (Cases et al., 1995). Other recent
studies have implicated dopaminergic signaling during development in the generation of aggressive behavior in rodents. Specifically, blockade of dopamine reuptake in mice during a postnatal period (PN22–PN41) resulted in increased adult aggression
(Yu et al., 2014). Furthermore, aggression in hamsters induced
by adolescent administration of cocaine was ameliorated by
co-administration of paliperidone, a D2/5-HT2A receptor antagonist (Schwartzer et al., 2009). This study implicates the middle
of adolescence as the sensitive period for dopaminergic and
serotonergic effects on aggression. The sensitive periods reported in these studies are consistent with the sensitive period
that we approximate from our data. Both the time course of
the doxycycline studies in b-actin mice (taking into account the
21-day lag in complete rescue of receptor expression; see Figure S3A) and the developmental time course of CaMKII promoter
activity (see Figure S3C), suggest that the period encompassing
postnatal days PN21–PN28 is important for the maturation of
neural circuits underlying adult aggressive behavior. However,
given the slow kinetics of the doxycycline effect on receptor
expression, other tools will be required to accurately define
this sensitive period further. This proposed sensitive period corresponds with the onset of adolescence, which is also the onset
822 Neuron 86, 813–826, May 6, 2015 ª2015 Elsevier Inc.

of play behavior, the development of social hierarchies, and the
appearance of aggressive behavior (Bartolomucci et al., 2004;
Pellis and Pasztor, 1999; Terranova et al., 1998).
The developmental, rather than adult, mechanism of action of
5-HT1BRs on aggression shown here, is dissociated from pharmacological data showing that activation of 5-HT1BRs with agonists such as the serenics reduces aggressive behavior when
administered in adulthood (Mos et al., 1992; Sijbesma et al.,
1991). The disconnect between knockout and pharmacological
phenotypes has been previously identified with regards to
5-HT1BR signaling (Castanon et al., 2000), but the lack of conditional knockouts prevented investigation into compensatory
and/or developmental contributions to these effects. Here, we
show a developmental contribution of the receptor to adult
aggressive behavior, which seems to be distinct from the
5-HT1BR-mediated pharmacological effects on adult aggression. This dissociation is suggested by the fact that aggression
in the adult rescue mice could still be attenuated with acute
administration of a 5-HT1BR agonist. One possible explanation
is that there could be two populations of 5-HT1BRs that modulate aggression circuits at different developmental time points.
Also, although we show here that knocking out 5-HT1BRs in
CaMKII+ cells is sufficient to generate an aggressive phenotype,
it is still possible that other 5-HT1BRs are involved. Specifically,
5-HT1BRs are located in a number of other brain regions implicated in aggression including the periaqueductal gray, ventromedial hypothalamus, and lateral septum (Lin et al., 2011; Siegel
et al., 1999; Simon et al., 1998). Adult expression of one of these
populations of receptors may also modulate aggressive
behavior. Another possibility is that serenics are affecting
aggression in adulthood indirectly through another mechanism,
such as reducing impulsivity. Finally, our data do not rule out
the possibility that 5-HT1BRs affect different facets of aggressive behavior at different time points. Specifically, our paired
aggression assay could be measuring aggression-eliciting factors, rather than or in addition to offensive aggressive behavior
directly.

Unlike aggressive behavior, impulsive behavior is mediated by
the expression of 5-HT1BRs during adulthood. This was not predicted given the impulsive aggression seen in the 5-HT1BR KOs
and the frequent co-occurrence of these behavioral phenotypes.
Specifically, using the DRL and Go/No-go paradigms, we
measured impulsive action, a concept that includes behavioral
inhibition and is characterized by the inability to inhibit a
response. This type of impulsivity may be dissociated from
impulsive choice, which represents intolerance to delays and is
frequently measured in delayed discounting tasks (Bari and Robbins, 2013; Broos et al., 2012). Evidence suggests that
5-HT1BRs affect impulsive action (Pattij et al., 2003), but may
not affect impulsive choice (Brunner and Hen, 1997). This is
important because these two aspects of impulsivity are thought
to be mediated by distinct circuits and may contribute to
different psychiatric disorders (Dalley et al., 2011; Robbins
et al., 2012). For example, deficits in impulsive action predict
substance abuse potential and severity of pathological gambling
(Brevers et al., 2012; Loos et al., 2009), while deficits in impulsive
choice may play a larger role in attention deficit hyperactivity disorder (ADHD) (Solanto et al., 2001; Sonuga-Barke, 2003). Interestingly, studies have implicated 5-HT1BR expression levels
and polymorphisms in substance use disorders and pathological
gambling (Cao et al., 2013; Potenza et al., 2013; Proudnikov
et al., 2006; Rocha et al., 1998). Our findings suggest that
different pharmacological approaches may be necessary depending on the type of inhibitory control or impulsivity (or impulsivities) associated with each disorder.
The relationship between serotonin signaling and impulsive
behavior is complex. On one hand, studies show that impulsive
behavior is negatively correlated with serotonin levels (Fairbanks
et al., 2001; Harrison et al., 1997), and activation of serotonin
neurons or serotonin receptors reduces impulsivity (Evenden,
1999; Miyazaki et al., 2014). However, other evidence suggests
that increased serotonin levels in the prefrontal cortex are associated with increases in impulsivity (Dalley et al., 2002), suggesting potential brain region-specific effects. Additionally, activation of different serotonin receptors can have opposing effects
on impulsive behavior (Winstanley et al., 2004). Finally, recent
evidence suggests that dorsal raphe serotonin neurons also
release glutamate that can have behavioral effects similar to
that of serotonin (Liu et al., 2014). Although 5-HT1BR knockouts
have increased serotonin levels (Gardier et al., 2003; Malagié
et al., 2001), it remains unclear whether this change in serotonin
signaling plays a role in modulating impulsivity. Here, we show
that knocking down 5-HT1B autoreceptors is not sufficient to
change impulsive behavior; however, our significant but incomplete knockdown still leaves open the possibility for the remaining autoreceptors to be involved in the behavioral effects of
5-HT1BR knockout. Another possibility is that changes in serotonergic tone via 5-HT1B autoreceptors contribute to increased
impulsivity only in conjunction with the absence of certain
5-HT1BR heteroreceptors. In such a situation, knockdown of
both autoreceptors and another population of 5-HT1B heteroreceptors would be necessary to elicit increased impulsive
behavior. One potential scenario leading to impulsivity could
therefore be an interaction of increased serotonergic tone
coupled with increased dopamine levels, as is supported by

the fact that depletion of serotonin with 5,7-dihydroxytryptamine
results in an attenuation of amphetamine-induced premature responding (Harrison et al., 1997). Similarly, serotonin signaling
could interact with dopamine to affect impulsivity.
Consistent with our results, there is evidence to support a role
for NAc DA levels in the regulation of impulsive action. Local injection of amphetamine into the NAc increases premature responding, suggesting a lack of behavioral inhibition or increased
impulsive action (Cole and Robbins, 1987). These effects could
be blocked by a D2 receptor antagonist and were not affected
by lesions of the norepinephrine system, suggesting a dopaminergic action of amphetamine on impulsivity (Pattij et al.,
2007). Although 5-HT1BRs may affect impulsive action via dopamine in the NAc, there are many other potential mechanisms for
these effects. Dopamine signaling in a number of brain regions,
not limited to the NAc, has been linked to impulsivity and could
be involved in 5-HT1BR modulation of impulsive action. For
example, levels of dopamine and dopamine receptors in the
PFC are correlated with increased impulsive action (Bari and
Robbins, 2013; Counotte et al., 2009; Moon et al., 2014). Additionally, other neurotransmitters and neuromodulators play an
important role in modulating impulsive action. For example,
increasing norepinephrine levels results in increased impulsivity
(Swann et al., 2005, 2013) and increased levels of both vasopressin and neuropeptide Y are associated with increased
impulsive behavior (Aliczki et al., 2014; Coccaro et al., 2012).
Furthermore, even decreased GABA synthesis in the NAc core
is sufficient to cause increases in impulsive action (Caprioli
et al., 2014).
Overall, this mouse model of 5-HT1BR-associated deficits in
impulse control provides a useful tool for the discovery of new
treatments for psychiatric disorders in which impulsivity is a
key phenotype. There is a substantial amount of evidence linking
5-HT1BR to impulsivity in humans, and our findings suggest that
pharmacologic interventions targeting 5-HT1BR-mediated
impulsivity may be effective in adults. Recent haplotype and
meta-analyses have confirmed links between 5-HT1BR polymorphisms and heroin, cocaine, and alcohol abuse (Cao et al.,
2013; Proudnikov et al., 2006). Additionally, increased
5-HT1BR binding is correlated with severity of gambling in pathological gamblers (Potenza et al., 2013). Last, a number of
studies including a meta-analysis have found significant associations between 5-HT1BR polymorphisms and ADHD in a number
of different populations (Banerjee et al., 2012; Gizer et al., 2009).
Future research will be aimed at investigating the circuits underlying these effects of 5-HT1BR on impulsivity and will hopefully
set the stage for pharmacological interventions aimed at
decreasing impulsive behavior in disorders such as substance
abuse, pathological gambling, and ADHD.
EXPERIMENTAL PROCEDURES
Please see Supplemental Experimental Procedures for full details of methods
and reagents.
Mice
A vector containing a floxed-tetO-htr1b cDNA-PGK-neo cassette was
introduced into the genome through homologous recombination in place of
the endogenous htr1b gene coding region (Figure S1). Spatial- and
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temporal-specific knockdown was achieved through genetic crosses to
b-actin-tTS, CaMKII-tTS, and ePet-Cre mice, and by administration of doxycycline to tTS lines. All animal care and testing was approved by the Institutional
Animal Use and Care Committee and was in accordance with the NIH’s Guide
for the Care and Use of Laboratory Animals.
Tissue
For receptor binding and in situ hybridization analysis, mice were sacrificed by
cervical dislocation and decapitation. 125I-cyanopindolol autoradiography for
5-HT1BR localization was performed based on a previously described protocol (Saudou et al., 1994). In situ hybridization was performed based on the
Allen Brain Atlas Protocol using a digoxigenin (DIG)-labeled htr1b cRNA probe
previously described (Tanaka et al., 2012).
Behavior
Aggression assays were conducted on male mice at 13–15 weeks of age, using a paired housing procedure in which two mice of the same genotype are
co-housed separated by a plexiglas divider, as previously described (Yu
et al., 2014). Operant conditioning studies beginning at 12 weeks of age
were conducted in eight identical operant chambers (Med Associates) on
food-restricted mice. Following behavioral shaping, DRL and Go/No-Go paradigms were used to test impulsive action.
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Figure S1. Generation and characterization of a floxed tetO1B mouse. A) The htr1b gene locus is shown in relation to the coding region
(1B coding). Sacl (S) and Ncol (N) restriction sites and locations of 5’ and 3’ probe binding sites used in southern blot screens. The tetO1B
-Cre+
vector that replaced the endogenous htr1b coding region by homologous recombination
is shown containing loxP sites (open triangles),
tetracycline operator with a minimal promoter (tetO), 1b cDNA (endogenous htr1b coding region has only 1 exon), flippase recognition
target (FRT) sites (filled triangles), PGK neo selection cassette for positive selection, and diphtheria toxin A receptor (DTA) gene for
negative selection. B) The 5-HT1BR gene locus is shown in the knock-in (KI) mouse with Sacl and Ncol binding sites, in addition to the
location of Southern blot probe binding sites. Once generated, the KI mouse was crossed to a ROSA-Flpe mouse to excise the PGK Neo
cassette. The resulting mouse (floxed tetO1B) was used in all experiments. C) Quantification of 5-HT1B receptor autoradiography is shown in
floxed tetO1B compared to WT mice. D) Quantification of receptor binding is shown in βActin-tTS+::tetO1B+/+ compared to tTS- mice.
E) Representative images of the 5-HT1BR mRNA in the raphe in tetO1B-/- and tetO1B+/+ mice. F) Representative images of 5-HT1BR mRNA in
the raphe of βActin-tTS+::tetO1B+/+ and tTS- mice. G) Quantification of receptor binding in CaMKII-tTS+::tetO1B+/+ and tTS- littermates is shown
throughout the brain. H) Representative images of 5-HT1BR mRNA in the striatum, CA1, hypothalamus, and raphe of CaMKII-tTS+::tetO1B+/+
mice and tTS- littermates. I) Microdialysis measurement of 5-HT in the ventral hippocampus of ePet-Cre+::tetO1B+/+ mice and Cre- controls
following escitalopram injection (4mg/kg i.p.); ***, p<0.001.
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Figure S2. Characterization of the temporal regulation of 5-HT1BR expression in the floxed tetO1B::ẞ-actin-tTS+ mice through administration
of doxycycline. Quantification of receptor autoradiography (A) and representative images of 5-HT1BR mRNA in the raphe (B) are shown for
ẞ-actin-tTS+ mice and littermate tTS- controls treated with doxycycline throughout life. Quantification of receptor autoradiography (C) and
representative images of 5-HT1BR mRNA in the raphe (D) are shown for ẞ-actin-tTS+ mice and littermate tTS- controls at P90, following
treatment with doxycycline beginning at P60. Quantification of receptor autoradiography (E) and representative images of 5-HT1BR mRNA
in the raphe (F) are shown for ẞ-actin-tTS+ mice and littermate tTS- controls at P120, following treatment with doxycyline from embryonic
development through P60.
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Figure S3. Characterization of the time course of the temporal regulation of 5-HT1BR expression in the floxed tetO1B mouse model.
(A) Quantification of 5-HT1BR autoradiography throughout the brain is shown in ẞ-actin-tTS+ mice and littermate tTS- controls treated with
doxycycline beginning at P60 and then killed after 7, 14, or 21 days. All ẞ-actin-tTS- mice were pooled and represented as tTS-.
(B) Quantification of receptor autoradiography was performed for ẞ-actin-tTS+ mice and littermate tTS- controls at P21 to confirm
knockdown during the critical period. (C) Quantification of receptor autoradiography is shown during adulthood and development in
CaMKII-tTS mice. During development, mice were killed at PN7, PN21, and PN28 to assess the time-course of the CaMKII-tTS mediated
knockdown, since CaMKII expression begins during post-natal development. Given that baseline distribution of receptor expression is
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Figure S4. Additional measures of aggressive behavior.
The number of biting attacks is shown for all conditions of ẞActin-tTS mice (A), CaMKII-tTS (C), and ePet-Cre (E) lines. Survival currves are shown
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Figure S6. Additional measures of impulsive behavior in hetero- (Box 1) and auto-receptor (Box 2) knockdown mice in the DRL. Schematic shows
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Supplemental experimental procedures

Mice
The vector expressed the diphtheria toxin A (DTA) receptor gene as a negative selection marker
for screening recombination in the embryonic stem (ES) cells from 129S6/SvEv mice. ES cells resistant to
neo and DTA were screened by Southern blot before being injected into blastocysts and implanted in
female mice. Founders were screened with Southern blotting, and crossed to a ROSA26-flippase mouse
to excise the PGK-neo cassette. Ubiquitous knockdown was achieved by crossing tetO1B+/+ mice to
mice with tTS expressed under the control of the human β-actin transgene (Mallo et al., 2003). β-actintTS mice were received into the lab on a mixed 129S6/SvEv;C57B6 background and backcrossed for
approximately 6 generations onto the tetO1B 129S6/SvEv background. Forebrain heteroreceptor
knockdown was achieved using a CaMKII-tTS mouse line crossed to the tetO1B mice (Richardson-Jones
et al., 2011). CaMKII-tTS mice were originally maintained on a mixed 129S6/SvEv, C57B6, CBA
background, and then backcrossed to the tetO1B 129S6/SvEv background for approximately 6
generations. Autoreceptor 5-HT1BR knockdown was achieved by crossing tetO1B mice to mice
expressing Cre under the control of the Pet-1 promoter, affecting serotonergic cells (Scott et al., 2005).
These ePet-Cre mice were on a C57B6 background and backcrossed to the tetO1B 129S6/SvEv line for 3
generations. To control for the effect of transgene insertion and genetic background, controls for all
experimental groups were generated for tTS lines by feeding dox all life, or testing the effect of the
transgene insertion in the absence of tetO1B.
Mice for all experiments were bred in the Department of Comparative Medicine animal facility
at the New York State Psychiatric Institute at the Columbia University Medical Center and were
generated by pairing a homozygous tetO1B female with a male mouse that was homozygous for the
tetO1B transgene and heterozygous for the tTS or Cre transgene. Animals were weaned at PN21 and
group housed with same sex littermates in standard lab cages throughout life, except where noted for
aggression testing. Food (Prolab Isopro RMH 3000, PMI Nutrition, St. Louis, MO) and water were
provided ad libitum except where noted for operant behavioral experiments. For adult rescue of the 5HT1BR, doxycycline (Product # F5545, Bio-Serv, Flemington, NJ) was administered in the chow beginning
at P60. For whole-life treatment, dams were fed chow containing doxycycline throughout pregnancy
and lactation, and mice were weaned onto chow containing doxycycline. Animals were maintained on a
12h:12h light-dark cycle, and all behavioral testing was conducted during the light cycle. All animal care
and testing was approved by the Institutional Animal Use and Care Committee and was in accordance
with the NIH’s Guide for the Care and Use of Laboratory Animals. All experiments, with the exception of
microdialysis studies, were carried out in the Department of Comparative Medicine and the Rodent
Neurobiological Assessment Core at Columbia University. Microdialysis studies were performed at the
Faculté de Pharmacie, Université Paris-Sud, Châtenay-Malabry, France, in compliance with the protocols
approved by the Institutional Animal Care and Use Committee (Council directive # 87- 848, October 19,
1987, Ministère de l’Agriculture et de la Forêt, Service Vétérinaire de la Santé et de la Protection
Animale, permission # 92-196 to AMG).

Tissue processing
Extracted brains were frozen immediately on crushed dry ice and maintained at −80°C until
sectioned using a cryostat (CM3050 S, Leica Biosystems, Wetzlar, Germany). Coronal brain sections
(20um) were thaw-mounted on Superfrost slides (Fisher, Fairlawn, NJ). Sections were maintained at
−80°C until processing.
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I-cyanopindolol autoradiography
Autoradiography for 5-HT1BRs was performed on every 6th section throughout the brain
(Saudou et al., 1994). Sections were incubated in 70pM of [125I]-cyanopindolol (10µL/10mL buffer;
Perkin Elmer, Waltham, MA), 3µM isoproterenol, 100 nM 8-OH-DPAT, 0.3% BSA, 0.01% ascorbic acid
and 10µM pargyline (all purchased from Sigma-Aldrich, St Louis, MO) for 2h. Slides were then exposed
to BioMax MR film (Kodak, Rochester, NY) for a period of 6-18h, and developed using an X-omat
automated developer (Kodak). Films were digitized at a resolution of 1200 dpi using an Epson 3200
Photo Scanner, and signal intensity was measured using NIH Image 1.62. Levels of 5-HT1BR binding were
determined by measuring intensity of the region of interest and subtracting a “background” level from a
nearby region in the same section which lacked specific binding. Each region of interest was sampled at
least 4 times and the average intensity was used. Measurements were only used if the intensity was on
the linear portion of the standard curve obtained from an ARC146-F 14C standard (ARC, St Louis, MO).
In situ hybridization for 5-HT1BR mRNA
In situ hybridization was performed based on the Allen Brain Atlas protocol using a digoxigenin
(DIG)-labed htr1b cRNA probe (Tanaka et al., 2012). Briefly, slide-mounted sections were treated with
4% paraformaldehyde in PBS for 20 min, washed in PBS, treated with 0.2M HCl, washed in PBS, and then
treated with 40 µg ml−1 of Proteinase K (Roche, Basel, Switzerland) for 20 min. Following this, slides were
washed in PBS and fixed again in 4% PFA in PBS for 20min, then washed again in PBS before acetylation
with 0.25% acetic anhydride (Sigma-Adrich) in 1% triethanolamine (Sigma-Adrich) solution for 10 min.
Sections were prehybridized for 3h at room temperature in hybridization buffer, consisting of 50%
formamide (Roche), 5×SSC (saline sodium citrate buffer), 5×Denhardts (Sigma-Adrich), 0.25 mg
ml−1 yeast tRNA (Ambion, Carlsbad, CA) and 0.4 mg ml−1 Salmon Sperm DNA (Stratagene, La Jolla, CA).
Prehybridization buffer was removed and the same buffer containing 2% dextran sulfate and the DIGlabeled htr1b probe (labeled using a probe-labeling kit, Roche) was applied. Sections were hybridized for
20h at 65°C. After hybridization, sections were washed with 5×SSC at 65°C for 5 min, 2×SSC at 65°C for 5
min, 0.2×SSC/50% formamide at 65°C for 30 min, and then 0.2×SSC at room temperature for 10 min.
They were then incubated with blocking buffer (1% blocking reagent; Roche) for 30 min, followed by
incubation with anti-DIG phosphatase-conjugated antibody (at 1:5000 dilution; Roche) for 90 min at
room temperature. After washes in MABT buffer (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20,
pH 7.5), the sections were incubated with nitroblue tetrazolium chloride/5-bromo-4-chloro-3indolylphosphate p-toluidine salt (NBT/BCIP) color substrate (Roche) for up to 30h at 32°C. The reaction
was stopped with Tris-EDTA washes and then sections were fixed in 4% PFA and coverslipped with Aqua
Poly/Mount (Polysciences, Warrington, PA). Staining was visualized on a Zeiss AxioVert200 microscope
(Oberkochen, Germany), and images were acquired using an attached Q-Imaging camera and associated
QCapture Sofware (Surrey, Canada).

Drug treatment
For assessment of CP-94,253 dihydrochloride (Sigma-Aldrich) effects on aggression, mice were
injected with CP-94,253 (10mg/kg) or an equivalent amount of vehicle control (0.1ml/10g; 5% DMSO
(Sigma-Alrich), 5% Tween-80 (Sigma-Aldrich) in 0.9% saline) 30min before the beginning of the
aggression assay. Pairs of β-actin-tTS+ mice with whole-life knockdown (n=7), β-actin-tTS+ mice with
adult rescue (n=8), and β-actin-tTS- control mice (n=8) were each subject to both drug and vehicle
conditions in a counterbalanced design, with each condition separated by 3 days. In each condition,
both mice in a pair were injected with either CP-94,253 or vehicle.
Aggression Assay
At 12 weeks of age, male mice were placed in a novel cage with a like-genotype non-littermate
mouse separated by a plexiglass divider (Canal Plastics, New York, NY) for aggression assays as
previously described (Yu et al., 2014). The divider prevented physical contact except through 4 small
(<1cm) holes in the plexiglass. Given the low baseline aggression found in this mouse strain, a sexually
mature female mouse was co-housed with each male prior to aggression testing since co-habitation with
a female and sexual experience has been shown to increase aggressive behavior in males (Goyens and
Noirot, 1975). Females were removed on the day before the first aggression assay. Three aggression
assays were run on each pair of males, with each assay separated by 5-7 days. The assay consisted of
removing the plexiglass barrier and allowing the two males to interact for 10 minutes. Behavior was
videotaped and the 2nd and 3rd aggression assays were subsequently scored for aggressive and nonaggressive social behavior by an observer blinded to experimental group. Mounting, tail rattling, and
biting attacks were counted as aggressive behavior, and sniffing and grooming were counted as nonaggressive social interaction. The pair was included in the % of aggressive pairs if either mouse
displayed any aggressive behaviors. The data presented is pooled from the 2nd and 3rd assay. Given the
low basal aggression in the background strains of many tetO1B and tTS lines, the percent of mouse pairs
showing any aggressive behavior is reported in addition to time spent engaging in aggressive behavior
and latency to show aggression.
Operant behavior
Studies were conducted in eight identical operant chambers (15.9 cm x 14.0 cm x 12.7) cm with
stainless steel grid flooring illuminated by a house light, individually enclosed in sound-insulating,
ventilated cubicles (Med Associates Inc., St Albans, VT). Each chamber had two ultra-sensitive
retractable stainless steel levers placed 2.2 cm above the chamber floor situated on either side of a
receptacle equipped with head entry detection for delivery of liquid reward (all parts from Med
Associates Inc.). The dipper delivered 0.02cc evaporated milk (Wakefern Food Corporation, Elizabeth,
NJ) to mice. A Dell computer equipped with MED-PC® IV (Med Associates Inc., St Albans, VT) computer
software delivered stimuli and collected behavioral data. Operant training and testing was run seven
days a week. Mice were maintained at approximately 90% of their free-feeding weight by providing ad
libitum access to chow for 1.5 h following each day’s operant conditioning session during the light cycle.
Water was provided ad libitum throughout the experiment. There were no significant effects of
genotype or condition on bodyweight.

Operant training began at 12 weeks of age. β-actin-tTS+ mice (n=14) and β-actin-tTSlittermates (n=16) were run in parallel to additional β-actin-tTS+ mice (n=13) and β-actin-tTS- littermates
(n=15) which were administered doxycycline beginning at PN 60. CaMKII tTS+ mice (n=9) and their
CaMKII tTS- littermates (n=5) along with ePet-Cre+ mice (n=9) and their ePet-Cre- littermates (n=9) were
also run in parallel to the β-actin-tTS mice. Both male and female mice were run in β-actin-tTS and ePetCre groups for operant conditioning experiments. There were no significant differences between groups
of the two sexes, so data was combined for all analyses. To control for the effect of tTS transgene
insertion, groups of β-actin-tTS+ (n=7) and CaMKII-tTS+ (n=10) mice fed doxycyline all life were
compared to littermate tTS- controls (n=7 and n=7, respectively). To control for the effects of Cre
transgene insertion, ePet-Cre+::tetO1B-/- mice (n=8) were compared to littermate control ePet-Cre::tetO1B-/- mice (n=6).
Behavioral shaping occurred in three stages. On the first two days, mice were presented with
the dipper, which stayed available until a head entry into the receptacle was detected. After this, the
reward remained available for 10 sec. For days 3 and 4, mice received 30 dipper presentations during
which the reward remained available for only 8 sec, regardless of head entry. In the final shaping stage,
mice were trained to press a lever to receive the evaporated milk reward on a fixed ratio-1 (FR-1)
schedule. Each mouse was presented with a randomly assigned lever (left or right) which remained
consistent throughout all experiments. A small dab of Ferret Nutri-cal (Tomlyn, Fort Worth, TX) was
placed on the lever to facilitate initial interaction with the lever. Following two lever presses, the lever
retracted and remained as such for a random intertrial interval (mean of 40 sec). Mice were trained in
this paradigm until the criterion of 55 lever presses in a 60 min session was reached.
Differential reinforcement of low-rate responding
Immediately following lever training, mice began training for the differential reinforcement of
low-rate responding (DRL)-36 paradigm. In the DRL-36, mice were rewarded only if a lever press is
preceded by 36 sec. Responses before this time were not rewarded, and the 36 sec timer restarted.
Mice were gradually trained to wait the 36 sec, beginning with a delay of 4 sec, increased in intervals of
2 sec. Mice were trained for 2 days on each delay of 14 sec or less, and 3 days on each delay of more
than 14 sec. Once reaching the 36 sec delay, mice remained on this delay for 10 days. All daily sessions
lasted one hour or until 60 rewards were reached. Data from the last five days of DRL-36 was used for
analysis. One CaMKII tTS+ mouse was removed from the DRL analysis due to a bimodal response
distribution which was qualitatively different from all other mice.

Go/No-Go paradigm
Following the DRL paradigm, mice were retrained on a FR-1 schedule for 3 days in which no
wait-time was required. Mice were then trained with Go only trials, in which mice were required to
press the lever within 5 sec of its presentation in order to receive a reward. If the 5 sec elapsed with no
response, the lever would retract, no reward would be presented, and a new ITI would begin. ITI was on
average 40 sec and the house lights remained on throughout the session. Mice were trained on these 5
sec Go-only trials until they earned at least 50 rewards out of 60 trials for at least 2 consecutive sessions.
Once this criterion was achieved, No-Go trials were added. In each session 30 Go trials were

interspersed with 30 No-Go trials presented pseudorandomly in blocks of 10 trials. The initiation of NoGo trials was signaled by the lever being presented concurrently with the house lights turning off and a
small LED light above the lever turning on. For Go trials, the same lever was presented while the house
lights remained on and no other cues were presented. For the first 12 days, both No-Go and Go trials
lasted 5 sec. No response during the 5sec of the No-Go trial resulted in a reward being presented while
the house lights illuminated and the LED light turned off. A response during the 5 sec resulted in no
reward and the lever to retract, the house lights to turn on, the LED light to turn off and a new ITI to
begin. A lever press during the 5 sec Go trial resulted in a reward, while no lever press caused the lever
to retract and a new ITI to begin. For days 13-15, the length of the No-Go trials was increased to 10 sec,
while the Go trials remained at 5sec. The number of correct Go and No-Go trials were analyzed. A
composite ‘Impulsivity Index’ was calculated by subtracting the number of correct No-Go trials from the
number of correct Go trials.
In vivo microdialysis
Mice were anaesthetized (Ketamine/xylazine: 75 and 20 mg/kg i.p., respectively) and implanted
with concentric microdialysis probes made of cuprophan fibers (active length 2 mm, outer diameter
0.3mm) located in the NAc, contralateral dorsal striatum, or ventral hippocampus (stereotaxic
coordinates in mm from bregma, anteroposterior +1.4, lateral +0.7, depth − 4.5 for NAc; and
anteroposterior, +0.7, lateral -1.75, depth − 3.75 for dorsal striatum, according to Franklin and Paxinos
(1996)). Animals were allowed to recover from the surgery overnight. The next day, the probes were
continuously perfused with aCSF (composition in mM: NaCl 147, KCl 3.5, CaCl2 1.26, MgCl2 1.2, NaHCO3
25, NaH2PO4 1.0, pH 7.4 ± 0.2) at a flow rate of 1.0 mL·min-1 using a CMA/100 pump (Carnegie Medicin,
Stockholm, Sweden) as previously described (Trillat et al., 1997). The animals were awake and freely
moving in their cage during the microdialysis protocol. For dopamine measurement, microdialysis
samples were collected from the NAc and dorsal striatum one hour following the beginning of the aCSF
perfusion. Four fractions were collected (one every 25 min) to measure the basal DA values before the
i.p. injection of GBR 12090 (10 mg/kg, Sigma-Aldrich). Subsequent dialysate samples were collected for
the next 100 minutes. For 5-HT, samples were collected from the ventral hippocampus 50 minutes
following injection of escitalopram (4 mg/kg; i.p.). Samples were analyzed for DA or 5-HT levels using
HPLC (column Ultremex 3µ C18, 75 X 4.60 mm, particle size 3 μm, Phenomenex, Torrance, CA) coupled
to an amperometric detector (VT03; Antec Leyden, The Netherlands). Basal values were averaged and
used as a baseline to calculate percent change following GBR 12090 injection.
For confirmation of probe placement, mice were cervically dislocated and the brains were
quickly removed and frozen on dry ice and stored at -80°C until sectioning into 20 µm coronal slices
mounted directly onto slides. Sections were fixed for one hour in 4% PFA, incubated for 1 min in cresyl
violet (0.3%), dehydrated in ethanol, and coverslipped with Permount (Thermo Fisher
Scientific,Waltham, MA). Images of the sections were scanned (Epson perfection V500) and inserted in
Adobe Illustrator®, and probe localization was determined and mapped onto a brain atlas (Murrough et
al., 2011; see Figure S8).

Data analysis
For analysis of 5-HT1BR binding, one-way repeated measures ANOVAs were used to compare
levels of receptor binding between genotypes over all measured brain regions. A one-sample t-test with
hypothesized mean of zero was used to determine if any significant binding was present in whole-brain
knockdown (β-actin-tTS+ mice).
For aggressive behavior, proportions of aggressive mice were compared between genotypes in a
Chi-square analysis using two-way contingency tables. Total amount of time engaging in aggressive
behavior was compared between genotypes using a one way analysis of variance (ANOVA). For operant
behavior, a one-way repeated measures ANOVA, followed by Fisher’s PLSD when appropriate, was used
to compare the lever press response latency distribution between genotypes over latencies from 3-60
sec binned in 3 sec intervals. A normal curve was fit to the response distribution with a maximum
likelihood estimation model using the fitdistr function from the MASS package in R (Venables and Ripley,
2002). R was also used to generate the cumulative response distribution functions. A one-way ANOVA
was used to compare the number of burst lever presses (less than 3 sec latency) and lever press-toreward ratio between genotypes in each condition. A repeated measures ANOVA was used to compare
the distributions of latencies of lever press responses, and Fisher’s PLSD was used post hoc when
appropriate. For the Go/No-Go paradigm, a one-way repeated measures ANOVA was used to compare
the impulsivity index and number of correct Go and No-Go trials between genotypes within a given
condition over days. Post-hoc testing included Fisher’s PLSD for pairwise comparisons of genotypes in a
given trial. A one-way ANOVA was also used to compare the number of false alarms between
genotypes.
Initial analysis of microdialysis data revealed no significant differences between the conditions
of β-actin-tTS- groups, so they were combined for all subsequent analyses. Each brain region was
analyzed separately. One-way ANOVAs were used to compare baseline levels of DA and AUC values
between groups. A one-way repeated measures ANOVA was used to compare GBR 12090 induced
changes in DA between the four groups. Post hoc, Fisher’s PLSD was used to compare groups pair-wise,
when appropriate. Area under the curve was calculated over the 100 minutes following GBR 12090
injection, and compared between groups using a one-way ANOVA. StatView statistical software (Cary,
NC) was used for the calculation of all statistics except when otherwise noted. Differences were
considered statistically significant if p<0.05.
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