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Little is known about the molecular similarities and differences
between neurons in the ventral (vSt) and dorsal striatum (dSt) and
their physiological implications. In the vSt, serotonin [5-Hydroxy-
tryptamine (5-HT)] modulates mood control and pleasure re-
sponse, whereas in the dSt, 5-HT regulates motor behavior.
Here we show that, in mice, 5-HT depolarizes cholinergic inter-
neurons (ChIs) of the dSt whereas hyperpolarizing ChIs from the vSt by
acting on different 5-HT receptor isoforms. In the vSt, 5-HT1A (a
postsynaptic receptor) and 5-HT1B (a presynaptic receptor) are highly
expressed, and synergistically inhibit the excitability of ChIs. The
inhibitory modulation by 5-HT1B, but not that by 5-HT1A, is mediated
by p11, a protein associated with major depressive disorder. Specific
deletion of 5-HT1B from cholinergic neurons results in impaired
inhibition of ACh release in the vSt and in anhedonic-like behavior.
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Cholinergic interneurons (ChIs) represent only 1–2% of all
striatal neurons (1). Despite their low abundance, ChIs play a

major role in striatal function, by modulating both inputs to and
outputs from spiny projection neurons (SPNs) (2). In the ventral
striatum (vSt), ChIs are thought to play a major role in mediating
reward, motivation, food intake, and hedonic behavior, whereas
ChIs of the dorsal striatum (dSt) are implicated in motor behavior
and action selection (3–5). Despite their functional differences,
only a few morphological differences between vSt and dSt ChIs
have been demonstrated, but no molecular differences between
these two populations have been reported (6).
Serotonin [5-Hydroxytryptamine (5-HT)] signaling in the striatum

has long been implicated in modulating locomotion as well as in
mood control (7–9). Striatal 5-HT levels are high, and multiple 5-HT
receptors (5-HTRs) are thought to mediate the function of 5-HT in
these circuits (7, 10). In dSt ChIs, several 5-HTRs (5-HT7, 5-HT6,
and 5-HT2) have been reported to induce membrane depolarization
(11, 12), but the role of 5-HT signaling in vSt ChIs and its impli-
cation for mood regulation are poorly understood. To elucidate the
role of 5-HT in vSt ChIs, we used electrophysiological recordings,
optogenetics, and cell type-specific gene expression analysis. We
demonstrate that 5-HT1A and 5-HT1B synergistically inhibit the
function of vSt ChIs. The effect of activation of 5-HT1B, but not that
of 5-HT1A, is mediated by p11. Furthermore, deletion of 5-HT1B
from cholinergic neurons resulted in a loss of pleasure response
(anhedonia), a core symptom of major depressive disorder.

Results
Opposite Effects of 5-HT on Cell Excitability Between vSt ChIs and dSt
ChIs. To investigate the effect of 5-HT on ChIs from the vSt and
dSt, we carried out electrophysiological recordings from visually
identified neurons in acute brain slices. To identify ChIs, we used
translating ribosome affinity purification (TRAP) mice expressing a
GFP-tagged ribosomal protein, L10a, under the choline acetyl-
transferase promoter (13). GFP-positive cells demonstrated elec-
trophysiological criteria of large afterhyperpolarization potential
(AHP) and hyperpolarization-activated cation current (Ih), in line
with the well-established characteristics of ChIs (14). Perforated-
patch recordings in current-clamp configuration from ChIs in the
vSt showed that bath application of 30 μM 5-HT decreased the

tonic firing frequency from 0.9 ± 0.11 to 0.1 ± 0.06 Hz (P = 0.0006)
and hyperpolarized the membrane potential from −53.8 ± 0.82
to −59.1 ± 0.86 mV (P < 0.0001) (Fig. 1 A, C, and D). On the
contrary, the same treatment of 5-HT in the dSt increased the firing
frequency of ChIs from 0.2 ± 0.06 to 1.4 ± 0.35 Hz (P = 0.003) and
depolarized their membrane potential from −57.5 ± 0.77 to −54.7 ±
0.74 mV (P < 0.0001) (Fig. 1 B, E, and F).
To identify the 5-HTR isoforms that are present in vSt and dSt

ChIs, we used TRAP and compared the level of the translated
mRNA of 5-HTRs in these two neuronal populations. To this
end, we immunoprecipitated tagged ribosomes from either dor-
sal or ventral portions of striatal slices. Nine genes of the 5-HTR
family were detected in striatal ChIs (Fig. 1H). Four of these
genes were differentially expressed between vSt and dSt ChIs
(Fig. 1G). The highest expression level in vSt ChIs was that
of htr1b [1.5 ± 0.29% of glyceraldehyde 3-phosphate de-
hydrogenase (gapdh) the housekeeping gene]. The level of this
gene was 9.4-fold higher in vSt ChIs compared with dSt ChIs
(0.16 ± 0.02% of gapdh, P = 0.037; Fig. 1G). Likewise, the ex-
pression level of htr1a in vSt ChIs was 7.0-fold higher than in dSt
ChIs (0.7 ± 0.18% and 0.1 ± 0.02% of gapdh in vSt and dSt ChIs,
respectively, P = 0.024). In contrast, the expression levels of the
genes for choline acetyltransferase and vesicular acetylcholine
(ACh) transporter were expressed at similar levels in both ChI
populations (Fig. 1I). htr7 level was 42-fold lower in vSt ChIs,
relative to dSt ChIs (0.02 ± 0.05% and 0.84 ± 0.10% of gapdh in
vSt and dSt ChIs, respectively, P = 0.003; Fig. 1G). 5-HT7 was
previously suggested to mediate depolarization in dSt ChIs
(11). htr5a level was 3-fold lower in vSt ChIs relative to dSt ChIs
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(0.31 ± 0.05% and 0.97 ± 0.13% of gapdh, respectively, P =
0.044; Fig. 1G).
In addition to RNA from ChIs, we also isolated RNA from

whole vSt and dSt tissues. We compared mRNA level from TRAP
with that from the respective unbound fractions of the lysate. htr1a
level in vSt ChIs was 2.3-fold higher relative to its level in that
tissue (0.3 ± 0.01% of gapdh in vSt unbound, P = 0.041; Fig. 1H),
suggesting that this gene is specifically enriched in ChIs. In con-
trast, htr1b level in vSt ChIs was 7.7-fold lower relative to that in
the unbound tissue (P = 0.027; Fig. 1H), supporting the idea that
5-HT1B is present in SPNs (15, 16). htr7 and htr5a levels in dSt
ChIs were also 6.8- and 5.5-fold higher relative to their level in the
nonspecific fraction, respectively, indicating that their expression in
dSt ChIs is cell type-specific rather than tissue-specific (htr7, P =
0.004; htr5a, P = 0.011; Fig. 1H).
To validate the expression and localization of 5-HT1A and 5-HT1B

proteins in striatal ChIs, we quantified the proportions of ChIs
immunopositive for these 5-HTRs in vSt and dSt ChIs. Both 5-HT1A
and 5-HT1B labeling was confirmed in vSt ChIs (Fig. 2 A and B
and SI Appendix, Fig. S1). 5-HT1A immunolabeling was detected in
36 ± 6.8% of vSt ChIs but only in 3 ± 1.5% of dSt ChIs (P = 0.029).
5-HT1B staining was detected in 18 ± 7.9% of vSt ChIs but not in dSt
ChIs (1 ± 1.9% of dSt ChIs, P = 0.021). 5-HT7 was expressed in 45 ±
11.9% of dSt ChIs but only in 14 ± 4.34% of vSt ChIs (P = 0.028; SI
Appendix, Fig. S1). Due to the loose boundary between the vSt and
the dSt, it is possible that 5-HT7–immunopositive cells that func-
tionally relate to the dSt were attributed to the vSt. Interestingly,
5-HT5A immunolabeling was found in both populations (75 ± 7.9%
of vSt ChIs and 78 ± 7.3% of dSt, P = 0.886; SI Appendix, Fig. S1).
5-HT1A and 5-HT1B are negatively coupled to adenylate cyclase

activity (17), suggesting that they synergistically mediate the in-
hibitory response to 5-HT in vSt ChIs. We next used a pharmaco-
logical approach to validate that these 5-HTRs mediate the response
to 5-HT in vSt ChIs. 5-HT1 agonists have been shown to inhibit ACh
release from the vSt (18) and, indeed, bath application of the
5-HT1A agonist 8-OH-DPAT [8-hydroxy-2-(dipropylamino)tetralin;
10 μM] abolished the firing of vSt ChIs in perforated-patch re-
cordings in the same manner as 5-HT (30 μM) (Fig. 2C). Moreover,
subsequent bath application of the 5-HT1A antagonist WAY100635
(50–100 nM) reversed the firing rate of vSt ChIs to baseline condi-
tions (Fig. 2C). In the presence of tetrodotoxin (TTX), 5-HT and

8-OH-DPAT hyperpolarized the membrane potential at similar
levels, with 5-HT being on average more potent than 8-OH-DPAT
(−5.8 ± 0.71 vs. −4.5 ± 0.67 mV, P = 0.002; Fig. 2 D and F), in-
dicating that 5-HT1A receptors on vSt ChIs but not from other
cells mediated this effect. Exposure to the 5-HT1A antagonist
WAY100635 (50–100 nM) completely blocked the 8-OH-DPAT–
induced hyperpolarization (Fig. 2 E and F) and abolished the re-
sponse to subsequent application of 5-HT (0.84 ± 0.51 mV, P <
0.0001 vs. 5-HT; Fig. 2 E and F). On the other hand, the 5-HT1B
agonist CP93129 (10 μM) had no effect on the vSt ChIs’ somatic
membrane potential (0.06 ± 0.21 mV, P < 0.0001 vs. 5-HT; Fig. 2 E
and F), but this is not surprising, considering that these receptors
are normally expressed only on the axon terminals (15).

5-HT1B and p11 Modulate ACh Efflux in the vSt. To further charac-
terize the modulatory role of 5-HT in ChI activity, we measured
ACh efflux in dialysates from freely moving mice (study design and
histological analysis are illustrated in Fig. 3A). Increasing concen-
trations of neostigmine (100 nM–10 μM) elicited a steady efflux
of ACh in a dose-dependent manner (Fig. 3 B and C). Neostigmine
(1 μM) induced an efflux of 20.4 ± 7.51 fmol ACh/min in the vSt
and 21.2 ± 8.93 fmol/min in the dSt (P = 0.89 between vSt and dSt;
Fig. 3 D–G). Addition of TTX or exclusion of calcium from the
solution completely abolished the effect induced by 10 μM neo-
stigmine, further supporting the idea that this efflux was evoked by
synaptic activity. Addition of 5-HT (5 μM) to the dialysis solution
reduced ACh efflux in the vSt to 11.8 ± 5.59 fmol/min [P = 0.029 vs.
artificial cerebrospinal fluid (aCSF); Fig. 3 D and F]. In contrast, dSt
ACh efflux was increased by 5-HT (10 μM) to 34.7 ± 1.63 fmol/min
(P = 0.043 vs. aCSF; Fig. 3 E andG), further supporting the idea that
5-HT oppositely regulates ChI function between the vSt and the dSt.
To directly study 5-HT signaling in vSt ChI function, we generated

mice with deletion of 5-HT1B from cholinergic neurons [5-HT1B
conditional knockout (cKO); SI Appendix, Fig. S2]. ACh efflux from
the vSt of 5-HT1B cKO mice dialyzed with aCSF was 212% higher
relative to that from WT littermates (43.3 ± 1.46 fmol/min, P =
0.004; Fig. 3F). In response to 5-HT, ACh efflux increased by 278%
relative to WT (37.3 ± 8.37 fmol/min, P = 0.026; Fig. 3F). This in-
crease in ACh release in the vSt may reflect a complete loss of the
inhibition by 5-HT1B on tonically active vSt ChIs, without affecting
the increase in the dSt by 5-HT. Because of the vertical positioning
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of the microdialysis probes, ACh released from both dSt and vSt is
likely to be detected by the probe placed in the vSt, whereas probes
placed in the dSt did not collect from the vSt. In line with this idea,
baseline release of ACh as well as the response to 5-HT were un-
changed in the dSt of 5-HT1B cKOs (Fig. 3G).
We recently identified a major role for the 11-kDa protein p11

in increasing the surface expression of 5-HT1B (19, 20). Translated
mRNA level of p11 is highly enriched in ChIs (5), and was not
different in dSt and vSt ChIs (7.1 ± 1.23% and 7.0 ± 1.45% of
gapdh in vSt and dSt ChIs, respectively, P = 0.84; Fig. 1I). To
elucidate the functional role of p11 in response to 5-HT in ChIs, we
measured ACh efflux in mice with deletion of p11 from cholinergic
neurons [p11 cKO mice (5)]. 5-HT increased ACh efflux in the
vSt by 85% relative to aCSF (22.1 ± 4.49 fmol/min for aCSF and
40.9 ± 6.18 fmol/min for 5-HT, P = 0.005 vs. WT 5-HT; Fig. 3F). In
contrast, the effect of 5-HT on dSt ChI activity as well as on the
basal efflux in either territory was unchanged in p11cKO mice (Fig.
3 F and G), suggesting that p11 regulates the function of 5-HTRs
in vSt ChIs but not in dSt ChIs. Because p11 mediates the heter-
oreceptor activity of 5-HT1B in glutamatergic nerve terminals and
increases the surface expression of 5-HT1B (19–21), it is likely that
the increase in ACh efflux in the vSt of p11 cKOs in response to
5-HT reflects a specific impairment in 5-HT1B function, without
affecting that of 5-HT1A. In line with this idea, the hyperpolarizing
effect of 5-HT on membrane potential or change in firing rate of
vSt ChIs was not altered in p11 cKO mice (SI Appendix, Table S1).
Together, these data strongly support the idea that 5-HT1B and
p11 mediate the response to 5-HT in vSt ChIs.

5-HT1B and p11 Regulate Cholinergic Transmission in the vSt. To test
whether 5-HT1B modulates synaptic output from vSt ChIs, we
applied an optogenetic strategy in acute striatal slices. ACh
release from ChIs increases the frequency of γ-aminobutyric
acid type A (GABAA) receptor-mediated spontaneous inhibitory
postsynaptic currents (sIPSCs) in the neighboring neurons in
several brain regions (3, 22–25). In our experiments, we used whole-
cell patch-clamp recordings to monitor inhibitory postsynaptic cur-
rents in SPNs in acute vSt slices during optogenetic photostimulation
of ChIs expressing modified channel rhodopsin (Fig. 4 A and B and
SI Appendix, Fig. S3). Unlike the dSt, where optogenetic stimulation
of ChIs evoked a synchronized GABA current mediated by dopa-
minergic terminals (25), in the vSt, light stimulation of ChIs in-
creased the frequency of sIPSCs recorded in SPNs in a more
asynchronous manner (SI Appendix, Fig. S4), as previously shown
(3). In WT mice during a 20-Hz light stimulation of ChIs, compa-
rable to the in vivo spiking activity of the vSt (26), the frequency of
sIPSCs in SPNs was increased 1.45 ± 0.07 times (P < 0.0001) and
this effect was abolished by the bath addition of the general mus-
carinic antagonist scopolamine (Fig. 4 C and D). On the contrary,
the same stimulation protocol led to a 0.4 ± 0.06-fold decrease of the
frequency of sIPSCs in SPNs from p11 cKO mice (P < 0.0001; Fig. 4
C and D and SI Appendix, Fig. S5), suggesting impairments in ACh
signaling in the vSt of these mice.
Because 5-HT1B receptors are present on the axon terminals of

ChIs and exert an inhibitory activity on neurotransmission (15, 18),
next we used the same experimental protocol to investigate how
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pharmacological modulation of these receptors can influence ACh
release from vSt ChIs. In WT mice, activation of the 5-HT1B re-
ceptors with their agonist CP93129 (10 μM) blocked the increase in
the frequency of sIPSCs observed at baseline levels (P = 0.004; Fig. 4
E and F), whereas the addition of the 5-HT1B antagonist GR55562
(10 μM) further increased the frequency of sIPSC to 2.05 ± 0.27
times from baseline levels (P = 0.006; Fig. 4 E and F), indicating that
5-HT1B in the vSt inhibits ACh release from ChI terminals. How-
ever, in p11 cKO mice, addition of either the agonist or the antag-
onist of 5-HT1B receptor did not change the frequency ratio of
sIPSCs in SPNs compared with baseline levels (P = 0.991 for
CP93129 and P = 0.960 for GR55562; Fig. 4 E and F), suggesting
that in vSt ChIs, presynaptic 5-HT1B receptors are not functional in
the absence of p11.

5-HT1B Receptor in Cholinergic Neurons Regulates Hedonic Behavior.
5-HT1B dysfunction is linked to cognitive and emotional deficits

(27, 28), but a specific neuronal type that mediates an antidepressant
effect for 5-HT1B has not been suggested. We previously identified
an antidepressant function for p11 (19), and recently we demon-
strated that p11 in vSt ChIs contributes to its antidepressant action
(5). Because p11 regulates 5-HT1B function in vSt ChIs, we decided
to characterize the emotional and motoric behaviors of mice with
selective deletion of 5-HT1B from cholinergic neurons (5-HT1B
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Fig. 3. 5-HT1B and p11 modulate ACh efflux in the vSt. (A) (Top) Experimental
design. Three-minute intervals of dialysate collection started at time 0 min. (Bot-
tom) Representative coronal sections showing the vSt (Left) and dSt (Right) after
microdialysis. The arrows and dashed lines represent the location of the guiding
cannula and the dialysis probe, respectively. (Left) Corresponding atlas images at
Bregma +0.74 (vSt) and 0.0 mm (dSt) of the Mouse Brain Library Atlas (42). (Scale
bars, 500 mm.) (B) Representative ACh chromatograms of individual samples from
the dSt. aCSF was reverse-dialyzed with neostigmine. The number inside each box
represents neostigmine concentration (μM). Note the red underlining indicating
the ACh peak. (C) Quantitative summary of the experiment in B. Markers represent
means ± SD (n = 3 mice). Mean efflux value between 21 and 36 min was used for
statistical analysis. (D and E) Scatter dot plot analyses of ACh mean efflux values in
the vSt (D) and dSt (E) following reverse dialysis with neostigmine (1 μM) without
or with 5-HT (2–10 μM). Bars represent means ± SEM (n = 3–5 mice per group;
*P < 0.05 vs. aCSF; ##P < 0.01 vs. dSt). (F and G) Bar graph summaries of ACh efflux
in the vSt (F) and dSt (G) of WT (black), 5-HT1B cKO (gray), and p11 cKO mice
(white). Bars represent mean efflux values± SD (n = 3–5mice per group; *P < 0.05,
**P < 0.01 vs. WT).
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Fig. 4. Deletion of p11 disrupts the function of 5-HT1B receptors in vSt ChIs.
(A–C) vSt ChIs infected with AAV9 containing E123T/H134R-ChR2-eYFP were ac-
tivated by trains of blue light (470 nm) in acute slices, and sIPSCs from SPNs were
recorded in the whole-cell patch-clamp configuration. (B) Image of a patch-
clamped SPN and an adjacent fluorescent ChI in vSt. (Scale bar, 10 μm.) (C) Rep-
resentative traces of sIPSCs recorded from SPNs in the vSt in WT (Upper) and
p11cKO mice (Lower). (Left) Baseline activity of SPNs. (Middle) Traces recorded in
constant 20-Hz light stimulation. (Right) Traces in the presence of 20-Hz light
stimulation with the general muscarinic receptor inhibitor scopolamine (10 μM).
[Scale bars, 10 s (x axis) and 40 pA (y axis).] (D) Time course of the frequency of
sIPSCs in SPNs ± SEM from WT (Left) and p11cKO mice (Right) (n = 20 neurons
forWT and 17 for cKOs; n = 5 for scopolamine). ****P < 0.0001 vs. scopolamine.
(E) Representative traces showing the frequency of sIPSCs in SPNs from WT and
cKO neurons under light stimulation in control and upon the addition of either
10 μM CP93129 (5-HT1B agonist) or 10 μM GR55562 (5-HT1B antagonist). [Scale
bars, 10 s (x axis) and 40 pA (y axis).] (F) Histograms of the frequencies of
sIPSCs ± SEM in SPNs normalized to baseline frequency in different experi-
mental conditions and genotypes. **P < 0.01 vs. cKO. (WT: n = 20 for control,
n = 14 for CP93129, and n = 8 for GR55562; p11cKO: n = 17 for control, n = 8 for
CP93129, and n = 7 for GR55562 experiments.)
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cKO mice; Fig. 3 F and G and SI Appendix, Fig. S2). Hedonic be-
havior was first determined by preference to consume a 2% (wt/vol)
sugar solution. 5-HT1B cKO mice consumed 38% less sugar solu-
tion relative to their WT littermates (P = 0.041 and P = 0.027 after
24 and 48 h, respectively; Fig. 5A). We then used the cookie test
paradigm, another test that evaluates hedonic behavior (29, 30).
Mice were placed in the first compartment and traveled to reach the
cookie in the third compartment (Fig. 5B), and their latency to ap-
proach the cookie as well as the number of cookie bites taken were
recorded for each session. 5-HT1B cKO mice manifested a 23%
reduction in the number of bites in a chocolate cookie (P = 0.035;
Fig. 5C), as well as a 33% increase in their latency to approach the
cookie, relative to WT mice (P = 0.024; Fig. 5C). Still, motoric and
exploratory behaviors were similar in 5-HT1B cKO compared with
WT mice, as measured in the cookie test by the latency to exit
the first compartment (P = 0.349) and by the number of passages
between compartments (P = 0.306; Fig. 5D). These changes in su-
crose and cookie consumption are probably not due to the dys-
function in the well-established function of 5-HT1B regulating
feeding and metabolism (31), because there were no differences
between 5-HT1B cKO mice and their WT littermates in latency
to approach ordinary food (in the novelty suppressed feeding
paradigm) or in the amount of food and water they consumed

(P = 0.35 and P = 0.31, respectively, relative to WT; SI Appendix,
Fig. S6).
We next studied a socializing response in 5-HT1B cKO mice. In

this paradigm, the mouse is introduced into an arena with an un-
familiar mouse and an object, each enclosed in a small mesh cup.
The number and duration of interactions between the subject and
each of the cups were recorded. WT mice showed preference to
interact with an unfamiliar mouse, whereas 5-HT1B cKO mice
spent 63% less time socially interacting (P = 0.007; Fig. 5E) and had
88% fewer interactions (P = 0.032; Fig. 5E). Importantly, 5-HT1B
cKOs did not manifest despair or helplessness phenotypes, as
measured by immobility time in the forced swim test (P = 0.215; Fig.
5F) or in the tail suspension test (P = 0.301; Fig. 5G). Together,
these data strongly support the idea that 5-HT signaling in vSt ChIs
plays a major role in mediating pleasure response.

Discussion
Cholinergic neurons of the vSt and dSt are thought to represent
highly homologous neuronal populations. Indeed, only subtle
differences were previously reported between these neurons in
terms of physiology and morphology (for a review, see ref. 6). No
study using a systematic approach to identify differences in
molecular characteristics of these ChI populations has been
reported. Here we show that (i) 5-HT plays opposite roles in vSt
and dSt ChIs; (ii) differences in 5-HTR expression in the two
subpopulations account for these opposite physiological re-
sponses to 5-HT; and (iii) more specifically, signaling through
the 5-HT1B/p11 pathway is involved in the function of vSt ChIs
but not in that of dSt ChIs.
The distribution of 5-HT1A and 5-HT1B in the mammalian

brain has been studied extensively, but their localization to striatal
ChIs has not been described (15, 32–34), likely due to the low
abundance of this neuronal population. By using TRAP, we com-
pared the translated mRNA level of 5-HTRs from vSt and dSt
ChIs. Expression level suggested that 5-HT1A and 5-HT1B are the
predominant 5-HTRs in vSt ChIs. We validated that both 5-HT1A
and 5-HT1B proteins are localized to vSt ChIs and confirmed
the previously described postsynaptic and presynaptic functions for
5-HT1A and 5-HT1B using electrophysiological recordings. Unlike
vSt ChIs, dSt ChIs were depolarized by 5-HT and expressed high
levels of 5-HT7. The excitatory effect of 5-HT on dSt ChIs was
previously reported, and 5-HT7 together with 5-HT6 and members
of the 5-HT2 family were implicated in this response (11, 12).
5-HT2 and 5-HT6 mRNA were not enriched in either ChI pop-
ulation by TRAP analysis. This is in line with a recent study in rats
showing that 5-HT6 mRNA is highly expressed in striatal SPNs but
not in ChIs (35), and suggests that 5-HT7 may play a major role in
the response to 5-HT in dSt ChIs. In contrast to 5-HT7 enrichment
in dSt ChIs and 5-HT1A enrichment in vSt ChIs, 5-HT5A isoform
was found in both vSt and dSt ChI populations. Because the
physiological response to 5-HT is opposite in vSt vs. dSt ChIs, it is
likely that 5-HT5A does not play a major role in modulating the
excitability of either ChI population.
We found that a loss of 5-HT1B function in cholinergic neurons

results in an anhedonic behavioral phenotype, supporting the
idea that a serotonergic deficit could lead to a loss of interest in
pleasurable activity. In addition to ChIs, striatal 5-HT1B heter-
oreceptor regulates transmission in glutamatergic nerve terminals
innervating the nucleus accumbens (36) and in SPNs innervating
either the midbrain (37, 38) or the pallidum (39), whereas 5-HT1B
autoreceptor is found in striatal terminals of serotonergic neurons
(40). Interestingly, mice bearing a constitutive deletion of 5-HT1B
display aggressive behavior and reduced anxiety relative to WT,
but do not display anhedonia (28, 31). Furthermore, mice with
constitutive loss of either 5-HT1A or 5-HT1B did not display an
impairment in preference to sucrose consumption (41). It is likely
that 5-HT1B plays opposing roles in different populations of neurons
in mediating pleasure response. Constitutive deletion of 5-HT1B
could result in impairment in 5-HT1B autoreceptor activity, which
would increase 5-HT release from serotonergic terminals. Such an

SPT

La
te

nc
y 

to
 p

as
s 

(s
)

N
um

be
r o

f p
as

se
s

Cookie Test

SA

** *

FST

0
25

50

75

100

Im
m

ob
ili

ty
 (s

)

N.S N.S

Im
m

ob
ili

ty
 (s

)

0
25
50
75

100
TST

A B

C D

E F

123

G

Cookie Test

0

1

2

3

A
pp

ro
ac

h 
ra

tio
 (m

ou
se

 /o
bj

ec
t)

* *

Δ 
su

cr
os

e 
/ Δ

 w
at

er

0
1
2
3
4
5
6

24 hr. 48 hr.

WT
5-HT1B cKO

B
ite

s
(n

um
be

r o
f b

ite
s)

*

0

2

4

6

8

Bites Latency

*

Cookie Test

0

2

4

6

8
La

te
nc

y 
(m

in
)

0

5

10

15

20

25

Latency Passes
0

5

10

15

20

25
N.S

N.S

Fig. 5. Loss of 5-HT1B from cholinergic neurons mediates anhedonic behavior.
5-HT1B cKO mice andWT littermates were tested in the following paradigms. (A)
Sucrose preference test (SPT). Bottles with 2% sucrose and water were weighed
after 24 and 48 h of the test. Bars represent means ± SEM (WT, n = 13 mice; cKO,
n = 15 mice; *P < 0.05 vs. WT). (B–D) Cookie test. (B) Study design. The cookie was
placed in compartment 3. The test started when the mouse was placed in com-
partment 1. The latency to reach the cookie, number of bites, latency to leave the
first chamber (gray arrow), and number of passes (black arrows) were determined.
(C) Bar graph summaries of cookie consumption. Bars represent the number of
cookie bites ± SEM (Left) and latency for the first contact ± SEM (Right) (WT, n =
16 mice; cKO, n = 18 mice; *P < 0.05 vs. WT). (D) Exploratory and motor behaviors
during the cookie test. Bars represent the latency to leave the first chamber± SEM
(Left). Bars represent the number of passes between compartments± SEM (Right).
N.S, not significant. (E) Social approach test (SA). Bars represent mean ratios of
total interaction time ± SEM and frequency of approaches ± SEM with either an
unfamiliar mouse or an object (WT, n = 12 mice; cKO, n = 14 mice; *P < 0.05 vs.
WT; **P < 0.01 vs. WT). The dashed line indicates no preference. (F) Forced swim
test (FST). Bars representmeans± SEM (n= 15mice per group). (G) Tail suspension
test (TST). Bars represent means ± SEM (n = 15 mice per group).
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increase could further activate 5-HT1A in vSt ChIs, which could
contribute to hedonic behavior.
p11 is highly expressed in vSt ChIs of the striatum of mice and

humans (5), and it is involved in mediating the function of 5-HT1B
but not that of 5-HT1A. This is in line with our previous findings of a
functional interaction between p11 and 5-HT1B, but not with
5-HT1A (19, 20). We previously showed that deletion of p11 from
cholinergic neurons in mice results in anhedonia as well as despair-
like behaviors, and that restoration of p11 in vSt ChIs reversed these
behaviors (5, 21). The present study clearly associates 5-HT signaling
in vSt ChIs specifically with pleasure response, and indicates that p11
in vSt ChIs can mediate different aspects of emotional behavior
by multiple mechanisms that need not be mediated by 5-HT
signaling. Future studies should aim to elucidate molecular
mechanisms in vSt ChIs underlying the 5-HT–independent com-
ponents of mood control.

Materials and Methods
A full description of the materials and methods, including perforated-patch
recordings, stereotaxic injections and optogenetic recordings, microdialysis,
mRNA expression analysis, immunohistochemistry, and animal behavioral
assays can be found in SI Appendix, Materials and Methods.

Animals. All procedures were carried out in accordance with the NIH
guidelines and were approved by the Animal Care and Use Committees of
The Rockefeller University. Animals were crossed with C57/Bl6N mice and
housed in a 12-h light/dark interval with food and water ad libitum. ChATCre

(GM60) mice were maintained heterozygous and, where appropriate,

littermate ChATCre-negative mice were used as WT. Mice with a conditional
deletion of 5-HT1B were generated by introducing flanked loxP sites in the pro-
moter and exon of htr1b and inserting human growth hormone polyadenylation
signal 3′ of the gene. These animals were crossed with ChATCre to generate
5-HT1B cKO (htr1bflox/flox; ChATCre+/−), which were maintained on a C57/Bl6N
background. ChATBacTRAP (DW-167) were maintained on a C57/Bl6N background
and heterozygous. ROSA26Tdtomato mice were maintained on a C57/Bl6J back-
ground and heterozygous, and ChATEGFP (GH-293) mice were maintained on a
C57/Bl6N background and heterozygous.

Statistical Analysis. Unless mentioned otherwise, all data are expressed as
means ± SD. Perforated-patch recordings, quantitative PCR, and most behavioral
tests were statistically analyzed using two-tailed paired t test. Analysis of ACh
levels used one-way ANOVA with post hoc two-tailed unpaired t test. Analysis
of the frequency of sIPSCs used repeated measures one-way ANOVA with post
hoc Dunnett’s test, and the effects of drugs on the frequency of sIPSCs or on
membrane potential both used one-way ANOVA with post hoc Tukey test. Su-
crose preference test used one-way ANOVA followed by Bonferroni test. Anal-
yses of immunolabeling as well as for the number of bites in the cookie test were
performed by Mann–Whitney test. Statistical significance was determined using
GraphPad Prism 5. P <0.05 was considered significant.
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