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Summary

Life-long homeostatic setpoints for mood-related behaviors emerge during adolescence. Serotonin
(5-HT) plays an important role in refining the formation of brain circuits during sensitive
developmental periods. In rodents, the role of 5-HT; 5 receptors in general and autoreceptors in
particular has been characterized in anxiety. However, less is known about the role of 5-HTa
receptors in depression-related behavior. Here we show that whole-life suppression of
heteroreceptor expression results in a broad depression-like behavioral phenotype accompanied by
physiological and cellular changes within mPFC-DRN circuitry. These changes include increased
basal 5-HT in a mPFC that is hyporesponsive to stress, and decreased basal 5-HT levels and firing
rates in a DRN hyperactivated by the same stressor. Remarkably, loss of heteroreceptors in the
PFC at adolescence is sufficient to recapitulate this depression-like behavioral syndrome. Our
results suggest that targeting mPFC 5-HTq 4 heteroreceptors during adolescence in humans may
have life-long ramifications for depression and its treatment.
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Introduction

Serotonin (5-HT) is a monoamine neuromodulator that is involved in the regulation of
numerous physiological and behavioral functions including mood- and anxiety-related
behaviors (Olivier, 2015). In addition to modulating adult affective behaviors, 5-HT also
plays an important role in refining the formation of brain circuits during sensitive
developmental periods. For example, 5-HT levels are critical for the formation of whisker
barrel fields in the somatosensory cortex of the mouse during postnatal development
(Erzurumlu and Gaspar, 2012; Fox, 1992). Furthermore, in rodents transiently increasing 5-
HT signaling during early postnatal development (P2—P11) results in increased anxiety and
depression-related behavior later in life that is associated with anatomical and physiological
changes in brain regions that regulate emotion, such as the prefrontal cortex (PFC) (Rebello
et al., 2014). While it is clear that manipulations of 5-HT signaling in early postnatal
development can impact the formation of cortico-limbic circuits, less is known about the
role of 5-HT during adolescent development, a time period of expansive maturation of
frontal circuitry as well as vulnerability for the onset of affective disorders.

Brain development in humans continues through adolescence (Arnett, 2000) and during this
time the brain is faced with the need to adapt to many social, physical, behavioral, sexual
and cognitive experiences that occur during its final transition into maturity (Lee et al.,
2014). Amongst these late occurring maturational changes, strengthening of top-down
cognitive control serves as a hallmark of this adolescent to adult transition (Casey et al.,
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2008; Gogtay et al., 2004). Consequently, it is not surprising that the peak age of onset for
many psychiatric disorders is adolescence (Paus et al., 2008). To treat these disorders, drugs
that target 5-HT system and approved for use in adults are increasingly prescribed to
adolescents despite little knowledge about whether or how manipulation of 5-HT signaling
in adolescence could lead to long-term changes in the adult brain.

While 5-HT signals through fourteen different receptors, signaling through 5-HT 4
receptors has been shown to influence mood-related behavior in adult animals (Garcia-
Garcia et al., 2014). 5-HT; 5 receptors are inhibitory G-protein coupled receptors that exist
as either autoreceptors on 5-HT neurons that mediate negative feedback or as
heteroreceptors that mediate post-synaptic inhibitory responses to 5-HT in forebrain areas
(Garcia-Garcia et al., 2014). In mice, the evidence strongly supports a role of 5-HT1a
receptors (autoreceptors) in shaping the circuits that mediate anxiety throughout early
postnatal and adolescent development (Donaldson et al., 2014; Garcia-Garcia et al., 2015;
Lo lacono and Gross, 2008; Vinkers et al., 2010). In contrast, despite significant evidence
implicating 5-HT1 4 receptors with depression in humans (Kaufman et al., 2016), how these
receptors might influence depression-related behavior in mice is less well understood.
Further, when and where these receptors are required for this function remains unknown.

Here, we demonstrate that whole-life suppression of 5-HT 1 heteroreceptor expression, in
pyramidal cells, results in a broad depression-like phenotype. We further show that this
effect can be recapitulated by loss of 5-HTq these heteroreceptors during adolescence and
cannot be rescued by heteroreceptor restoration to normal levels in adulthood. Finally, we
show that mPFC pyramidal 5-HT1 5 heteroreceptors in adolescence can broadly regulate
susceptibility to depression-like behaviors. These findings unravel the complicated time and
region-dependent roles for 5-HT A receptors in depression-related behaviors.

Suppression of forebrain pyramidal 5-HT5 heteroreceptors

We have previously described the use of a tTS based system for generating mice in which 5-
HT 14 heteroreceptor expression can be repressed without affecting autoreceptors (Hetero-
KO mice) (Richardson-Jones et al., 2011). Specifically, crossing Htr1 A€/ mice to a
CamKlla-tTS line, allows for a doxycycline (DOX) dependent expression of endogenous 5-
HT1a heteroreceptors. In the presence of DOX (ON) 5-HTq 4 receptors are expressed
normally (Control). In the absence of DOX (OFF), receptor expression is repressed in the
forebrain but not in the raphe nucleus (RN) (Hetero-KO) (Figure 1A). In Hetero-KO mice,
tTS expression is directed by promoter elements from the a-CaMKII gene (Mayford et al.,
1996), which is widely expressed in forebrain pyramidal neurons but excluded from
interneurons (Chen et al., 2010; Xu et al., 2000). To confirm the cell-type specificity of 5-
HT1 4 suppression in our system, we performed patch-clamp recordings to examine the
response of mPFC pyramidal and non-pyramidal (presumed GABAergic) neurons to the 5-
HT4 4 receptor full agonist, 5-carboxytryptamine (5-CT). Consistent with what we have
previously observed in the hippocampus (HP) (Richardson-Jones et al., 2011), the average
current response to 5-CT was greatly diminished in Hetero-KO mice compared to controls
(Figure S1A,B). In addition, only 30% of pyramidal mPFC neurons from Hetero-KO mice

Cell Rep. Author manuscript; available in PMC 2017 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia-Garcia et al.

Page 4

while 82% of cells from control mice responded above baseline to 5-CT with a significantly
hyperpolarizing response (Table 1). In contrast, no difference was observed in non-
pyramidal cells, as 43% and 44% of cells from control and Hetero-KO mice respectively
respond to 5-CT (Table 1). To ensure that loss of response to 5-CT in the Hetero-KO mice is
not due to general alterations in G j/o-signaling, we tested the ability of neurons to respond
to the selective GABAg agonist baclofen, which also targets the G jjo-GIRK pathway. All
pyramidal cells from Hetero-KO and control mice respond robustly to baclofen (100%
response for both groups) (Table 1), indicating that the downstream G jo-GIRK pathway
remains intact. We then directly confirmed the suppression of pyramidal 5-HT
heteroreceptors by gPCR analysis in the PFC and the brainstem containing the RN. As
expected, Hetero-KO mice showed significantly decreased 5-HT14 mMRNA in the PFC but
not in the RN (Figure S1C).

5-HT1 Hetero-KO mice display anhedonia and depressive-like behavior

We have previously shown that whole-life suppression of 5-HT1 4 heteroreceptors results in
increased immobility in the forced-swim test (FST), without changes in the open-field, light-
dark and elevated-plus maze tests in male mice (Richardson-Jones et al., 2011). Here, we
test whether the forced-swim phenotype is an isolated finding or whether it is part of a larger
depression-like syndrome.

We first confirmed the absence of an anxiety-like behavioral phenotype in the Hetero-KO
mice by testing them in several innate conflict based anxiety tasks. As expected, in the open-
field test, we saw no differences between male Hetero-KO mice and their controls in total
distance travelled or percentage distance travelled in the center (Figure 1B,C). Likewise, no
differences were detected between Hetero-KO mice and their controls in time spent in the
open arms in the elevated-plus maze (Figure 1D).

In the novelty-suppressed feeding paradigm (NSF) (Bodnoff et al., 1988; Samuels, 2011),
Hetero-KO mice showed an increased latency to feed relative to their controls (Figure 1E),
with no changes in home cage consumption (Figure S2A). Unlike other conflict-based tasks,
the NSF test contains an appetitive dimension (food in food deprived animals). As such, it is
possible that Hetero-KO mice increased latency can represent either increased fear/
apprehension of the arena or decreased motivation (hedonic drive) to access the food.

Thus, to assess whether suppression of 5-HT4a heteroreceptor signaling disrupts fear-related
behaviors, we performed cued and contextual fear-conditioning experiments. No differences
were detected between groups in either baseline freezing before tone-shock pairing, (Figure
1F) or in freezing to the training context after the training (Figure 1F). Similarly, no
differences between groups in response to the paired tone were detected in an alternate
context (Figure 1G).

Having observed no changes in fear and no changes in two innate anxiety tests, we
hypothesized that the NSF deficit we observed might be related to anhedonia, a core
symptom of depression. Interestingly, unlike the other conflict based anxiety tests assessed,
the NSF test is sensitive to chronic treatment with antidepressants suggesting that it might
rely on distinct circuitry (Dulawa and Hen, 2005). We thus explored this possibility by
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assessing the effect of suppression of 5-HTqa heteroreceptors on appetitive driven behavior
in the Cookie test (Surget et al., 2011). Unlike the NSF test, this test is done with sated
animals and is dependent on the increased appetitive value of a chocolate cookie, which is in
conflict with the neophobic tendencies of the mouse. A reduction of the cookie consumption
may therefore be interpreted as anhedonia, a habituation deficit or a combination of both
effects. While repeated sessions resulted in a progressive increase in cookie consumption in
both groups, Hetero-KO mice consistently take fewer bites per session compared to their
respective controls (Figure 1H). We next tested whether this behavioral difference might
reflect anhedonia by performing a sucrose preference test. Here we found that while control
mice develop a preference for sucrose over time, Hetero-KO mice fail to do so, resulting in a
significant difference between groups (Figure 11). Taken together, our results indicate that
the observed behavioral differences are not due to increased fear or anxiety in the testing
arenas but rather may reflect decreased motivation or anhedonia consistent with a
depression-like syndrome.

Diverse evidence has linked 5-HT 4 receptors to depression and the response to stress and
suppression of 5-HTqa heteroreceptors results in increased immobility in the FST
(Richardson-Jones et al., 2011). We thus decided to query the HPA axis stress reactivity by
measuring serum corticosterone (CORT) after the FST. In this cohort, we find increased
immobility on both days of a 2-day FST in Hetero-KO mice (Figure 1J). In addition, these
mice showed increased CORT levels elicited by FST when compared to controls (Figure
1L). No differences in baseline CORT levels were detected at either the dark/light or light/
dark transitions (Figure 1K). Thus, the increased latency in the NSF, decreased consumption
in the cookie test, failure to develop sucrose preference, increased immobility in the FST and
increased physiologic reactivity to stress demonstrates that Hetero-KO mice have a broad
depression-related phenotype.

Altered stress induced c-fos immunoreactivity in the mPFC-DRN pathway

In order to identify cellular correlates of behavior, we mapped induction of c-fos expression
after a swim-stressor in areas known to express 5-HTq 4 receptors. In the forebrain, the
number of c-fos positive cells in the prelimbic (PrL) area of the mPFC was significantly
lower in Hetero-KO mice when compared to their controls. Fewer c-fos positive cells were
also observed in the neighboring infralimbic area (IL), but these differences were not
significant. In addition, no significant differences were detected in the dentate gyrus (DG) or
the basolateral amygdala (BLA). In the raphe, no significant differences were observed in
either the lateral wings (LW) of the dorsal raphe, the dorsal raphe proper (DRN), or the
medial raphe nucleus (MRN) (Figure 2A).

We next determined whether the observed changes in neuronal activation in the mPFC were
cell-type specific. Interestingly, we found that the decrease in the number of c-fos positive
cells in the PrL area was selective for pyramidal (Figure 2B), but not GABAergic (Figure
2C) cells. In contrast, no significant differences were observed in pyramidal or GABAergic
cells in the IL of Hetero-KO mice when compared to their controls (Figure 2D,E).
Interestingly, in the raphe, we observed that more TPH (5-HT cells marker) positive cells
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expressed c-fos in both the LW of the DRN and the DRN itself (Figure 2F,G), with no
changes in the MRN (Data not shown).

As some pyramidal cells in the mPFC project to the DRN and have been implicated in
mediating behavioral control of stress (Amat et al., 2005; Warden et al., 2012), we asked
whether the decrease in stress-induced c-fos in the mPFC was in neurons projecting to the
DRN. To this end, adult mice were injected with retrobeads into the DRN and allowed to
recover for 15 days (Figure S3A). Mice then underwent a swim-stressor for c-fos induction.
We observed retrobeads in both the PrL and IL areas of the mPFC (Figure S3A). There was
an almost three-fold decrease in the number of DRN-projecting PrL neurons that expressed
c-fos in Hetero-KO mice when compared to controls. No such changes within the DRN-
projecting IL neurons were detected (Figure 2H,1). The decrease in PrL double-labeled cells
in the Hetero-KO mice cannot be accounted for by the 65% decrease in c-fos+ cells in the
PrL. This suggests that the decrease in neurons activating c-fos in the Hetero-KO group is
predominantly due to changes in neurons that project to the DRN (Figure S3B-E). In sum,
loss of 5-HT1 5 heteroreceptors leads to decreased activation of mPFC cells that project to
the DRN and higher activation of DRN 5-HT cells in response to a stressor.

Altered 5-HT tone in mice lacking pyramidal 5-HT;5 heteroreceptors

Given the evidence suggesting that postsynaptic 5-HTa heteroreceptors in the mPFC
participate in feedback control of basal DRN 5-HT activity (Hajos et al., 1998; Martin-Ruiz
and Ugedo, 2001), we tested whether the lack of 5-HT 5 heteroreceptors influences the
basal firing rate of DRN 5-HT neurons by performing in vivo anesthetized
electrophysiological studies. Indeed, we found that the basal firing rates of DRN 5-HT
neurons in Hetero-KO mice are decreased compared to their respective controls (Figure
3A,B).

Having observed differences in DRN basal firing rates in Hetero-KO mice, we next
determined whether these differences are reflected at the neurochemical level by using /n
vivo microdialysis locally in the DRN and in the mPFC. We observed significantly
decreased basal 5-HT levels in the DRN (Figure 3C) while finding increased mPFC 5-HT
levels in Hetero-KO when compared to control mice (Figure 3D). We also assessed whether
5-HT A heteroreceptor suppression-induced changes in 5-HT tone results from altered 5-HT
uptake. To do so, the 5-HT reuptake inhibitor fluoxetine (FLX) was injected in both groups
of mice. Both groups show a similar increase 5-HT in response to FLX, (Figure 3E,F),
suggesting that the neurochemical changes in the DRN and mPFC are not related to changes
in SERT expression/function.

5-HT1a heteroreceptor levels during adolescence regulates lifelong mood set-points

Global disruption of 5-HT; 5 receptors in adolescence, but not early adulthood, results in an
anxious phenotype (Garcia-Garcia et al., 2015). We next tested whether the Hetero-KO
phenotype requires normal 5-HT1a heteroreceptor function in adolescence. First, we
assessed whether the our system would allow for testing an adolescent time window. To this
end, Htr1ateto/tet0_q CamKI1-tTS+ male mice were raised on DOX containing chow until
P28 when it was replaced with control chow. Using 1125-MPPI autoradiography, we then
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compared the density of 5-HT A receptors binding sites in the PFC, dorsal HP (dHP) and
DRN at P35 and P43 compared to control mice that had remained on DOX chow (Figure
S4A,B). To assess whether the suppression of 5-HT 4 receptors was reversible, one group of
mice had DOX chow removed between P28 and P43. 5-HT1 4 binding was then assessed at
P50 (Figure S4C). In mice that had DOX removed at P28, we detected a 77.7% reduction in
5-HT1 A receptor binding sites in the PFC, a 67.8% reduction in the dHP and no changes in
the DRN by P35 when compared to their respective controls (Figure S4D,G). By P43, these
mice display an 85.6% reduction in 5-HT 5 binding sites in the PFC, 79.7% in the dHP and
no changes in the DRN (Figure S4E,H). Importantly, when DOX chow was returned on P43,
5-HT1 A receptor levels in these regions were indistinguishable between groups by P50
(Figure S4F)1).

In order to test the function of heteroreceptors in modulating behavior in anxiety and
depression-related paradigms, we generated 4 groups of male mice: Control (ON DOX
whole-life), Hetero-KO (OFF DOX whole-life), Adolescent knock-down (Adolescent KD)
(Removal of DOX at P28) and Rescue (Removal of DOX at P28 and back on DOX at P43)
(Figure 4A). In the open-field, no differences were detected between Hetero-KO, Adolescent
KD, Rescue mice and their controls in either total path travelled (Figure 4B) or percent
center distance (Figure 4C). Likewise, no differences were detected in time spent in the open
arms of the elevated-plus maze (Figure 4D).

In the NSF paradigm, the latency to eat was greater for the Hetero-KO, Adolescent KD and
Rescue mice compared to their controls (Figure 5E). No changes were seen in home cage
consumption (Figure S5A). In depression related tests, Hetero-KO, Adolescent KD and
Rescue mice failed to develop a preference for sucrose (Figure 4F) and displayed decreased
mobility in the FST relative to their controls on both days of the test (Figure 4G). Decreased
mobility in the FST was accompanied by increased CORT levels in Hetero-KO, Adolescent
KD, and Rescue mice when compared to their controls (Figure 41), but no changes were
seen in baseline CORT levels between groups (Figure 4H).

In summary, the Adolescent KD and the Rescue mice behave like Hetero-KO mice,
demonstrating that susceptibility to depression-like behaviors is sensitive to alterations in 5-
HT1 4 heteroreceptor levels during adolescence.

Adolescent loss of 5-HT1p heteroreceptors in mPFC pyramidal neurons, but not in the dHP,
is sufficient to reproduce the Hetero-KO phenotype

As 5-HT 1 heteroreceptors are widely expressed in the forebrain, the phenotype observed in
the Hetero-KO mice could be due either to the global developmental disruption of 5-HT1a
heteroreceptors or to effects of a restricted population of heteroreceptors. To test this, we
generated an AAV9-CaMKIla-tTs-2A-EYFP-WPRE virus that when injected into

HtrL At/ mice results in a DOX dependent, spatially restricted suppression of pyramidal
5-HT heteroreceptors. Given our c-fos results and the literature on stress-coping
strategies, we hypothesized that the phenotype might be due to effects in the mPFC. We also
tested the dHP as an alternative effector region because it is one of the forebrain regions with
the highest 5-HTa receptor expression (Aznavour et al., 2009; Aznavour et al., 2006;
Descarries and Riad, 2012).
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To test this, Htr1 At/ maje mice raised on DOX were injected bilaterally in the mPFC or
dHP with AAV9-CaMKIla-tTs-2A-EYFP-WPRE at P9-P11. On P28 DOX was removed
from the chow of the animals to allow for suppression of 5-HT1 4 transcription starting in
adolescence (PFC-KD; dHP-KD) while the other half were maintained on DOX (PFC-
Control; dHP-Control) (Figure 5A,B and S6A,B). We validated the viral approach by
examining the response of EYFP-expressing mPFC pyramidal neurons to 5-CT using patch-
clamp recordings. We found that only 30% of pyramidal mPFC neurons from PFC-KD mice
respond to 5-CT while 82% of cells from PFC-Control mice respond with a hyperpolarizing
response (Table 2). Both groups of male mice respond robustly to baclofen (100% response),
indicating functional G/ coupling to GIRK channels (Table 2).

Having validated the viral approach, we determined whether suppression of mPFC and/or
dHP 5-HT ;A heteroreceptors had any consequence on conflict based anxiety tasks. No
differences were observed in either total distance travelled or in percent center distance
between PFC-KD or dHP-KD compared to their respective controls in the open-field test
(Figure 5C,I). Likewise, no differences were detected in time spent in the open arms in the
elevated-plus maze (Figure 5D,J).

Interestingly, when tested in the NSF, both PFC-KD and dHP-KD mice show an increased
latency to eat when compared to their respective controls (Figure 5F,L). Importantly, we did
not detect any change in home cage consumption (Figure S7A,D).

Next, having observed that suppression of PFC and dHP 5-HT; 5 receptors at P28 impacts
NSF but not open-field or elevated-plus behavior, we asked whether the PFC or dHP
manipulations could further reproduce the Hetero-KO mice phenotype. We found that PFC-
KD but not dHP-KD mice show a decreased preference for sucrose when compared to
controls (Figure 5G,M). We also observed that PFC-KD but not dHP-KD mice displayed
increased immobility in the FST during the second day of testing (Figure 5H,N). This
increased immobility in PFC-KD mice was not accompanied by an increase in CORT
elicited by FST (Figure S7C). Further, no changes were observed between dHP groups after
stress (Figure S7F), and no baseline changes in CORT levels were observed in any of the
groups tested (Figure S7B,E).

Taken together these results suggest that while adolescent suppression of dHP 5-HT 5
heteroreceptors impacts NSF behavior, suppression in the PFC recapitulates the major
behavioral phenotypes of adult Hetero-KO mice.

Discussion

While the relationship between depression and anxiety disorders is complex, 5-HT signaling
appears to be involved in the pathophysiology and treatment of both disorders (Albert et al.,
2014; Jans et al., 2007). Our data, together with our previous work demonstrate that changes
in 5-HT signaling through 5-HT1 A receptors in the brain can result in either a primary
anxiety-like phenotype (all receptors and/or autoreceptors (Ramboz et al., 1998; Richardson-
Jones et al., 2011)), or a more depression-related phenotype (heteroreceptors in pyramidal
cells). Specifically, Hetero-KO mice show no increased anxiety in the open-field or elevated-
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plus maze, but do show hyponeophagia. They also show a broad depression-like phenotype
characterized by anhedonia, increased behavioral despair, and increased stress reactivity.
Interestingly, NSF alone is affected in both the 5-HT 5 receptor KO (Santarelli et al., 2003)
and Hetero-KO mice. Although usually interpreted as an anxiety test, the NSF has an
appetitive component. Increases in latency may thus reflect either increased anxiety or less
hedonic drive (Dulawa and Hen, 2005). Results from the cookie test and the decreased
sucrose preference in Hetero-KO mice suggest that their altered NSF behavior is likely due
to anhedonia, rather than anxiety. Taken together, these results suggest that suppression of
forebrain 5-HTp heteroreceptors results in a depression-related phenotype.

The cellular correlates of these behavioral changes were investigated by measuring c-fos
induction in response to swim-stress. We detected fewer c-fos positive neurons in DRN
projecting mPFC neurons while more 5-HT neurons in the LW of the DRN and in the DRN
itself express c-fos relative to controls. These results correspond nicely to a previously
described 5-HT1 4 heteroreceptor-dependent mPFC-DRN polysynaptic negative feedback
pathway. In this pathway, cortical glutamatergic descending projections from the mPFC
synapse onto GABAergic interneurons in the raphe, which in turn inhibit DRN 5-HT
neurons (Challis et al., 2013; Sharp et al., 2007). Importantly, activation of DRN projecting
mPFC cells decreases immobility in the FST (Warden et al., 2012). Thus, the decreased c-
fos in DRN projecting mPFC cells after a swim-stress is congruent with the observed
increased immobility in the FST. These findings are also in line with studies that implicate
the mPFC in stress-coping strategies (Amat et al., 2005; Warden et al., 2012) and implicate
5-HT1 heteroreceptors in the development of top-down control in response to stress.

Further, our physiology studies demonstrate mPFC-DRN disruptions at baseline, as Hetero-
KO mice show decreased firing rates of their 5-HT neurons. Interestingly, similar changes
have been previously observed in other chronic 5-HT models. For example, SERT-KO mice,
which show increased behavioral despair, also have decreased DRN firing rates (Lira et al.,
2003) and attenuated c-fos activation in the mPFC in response to swim-stress (Soiza-Reilly
et al., 2015). Further, in Hetero-KO mice decreased DRN 5-HT and increased mPFC 5-HT
levels were detected, suggesting the existence of a local mechanism in the mPFC that
regulates 5-HT release in a 5-HT 4 heteroreceptor dependent-manner. These results reflect
the complex interplay between the mPFC and DRN that can influence each other bi-
directionally (Celada et al., 2013; Celada et al., 2001) and the existence of various negative
feedback loops that co-exist within the DRN (Bang et al., 2012). One possible explanation
for the differences in 5-HT levels is that loss of heteroreceptors specifically disrupts long
loop feedback to DRN 5-HT neurons important in maintaining basal mPFC 5-HT levels
(Casanovas et al., 1999; Ceci et al., 1994), while maintaining local 5-HT1 5 autoreceptor
mediated feedback important for other target areas and local 5-HT release (Sperling and
Commons, 2011).

The Hetero-KO phenotype is not the result of an acute loss of 5-HTa heteroreceptor, rather
our results demonstrate that transient disruption during adolescence (roughly after P28 and
before P50 (Richardson-Jones et al., 2011)) is sufficient to elicit the behavioral phenotype.
Consistent with the importance of normal 5-HT signaling during adolescence, SSRI’s
administered during adolescence result in a later mixed phenotype of increased resilience to
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social defeat and increased anxiety (Iniguez et al., 2014). Furthermore, 5-HTa receptors
(likely autoreceptors) during adolescence, but not early adulthood, are critical in regulating
anxiety setpoints (Donaldson et al., 2014; Garcia-Garcia et al., 2015). Adolescence is a time
of ongoing brain development in 5-HT 5 heteroreceptor expressing areas, particularly in
frontal cortical areas (Andersen and Teicher, 2008), whose function is disrupted in depressed
patients (Ressler and Mayberg, 2007). Our results further demonstrate that changes in 5-HT
signaling through pyramidal 5-HT; 4 heteroreceptors in the PFC during adolescence is
sufficient to drive the major behavioral phenotypes of Hetero-KO mice. Interestingly,
changes in 5-HTa heteroreceptor mediated signaling in the dHP results in only a NSF
phenotype suggesting that both the dHP and PFC are part of the circuit controlling this
behavior. Overall, our results are consistent with the idea that 5-HT signaling through 5-
HT1 4 heteroreceptors plays an important role in shaping the final development of the mPFC
structure during adolescence (Pattwell et al., 2016). Further, our data indicate that plasticity
in response to changes in 5-HT 14 levels remains in other brain regions in adolescence, but
point to the mPFC as being the major node in the circuit that drives these behaviors. Indeed,
as animals mature, the circuitry that was initially established to interface with the
environment, areas like the amygdala and HP, comes under increasing influence of the PFC
(Miller and Cohen, 2001).

In sum, our results identify a sensitive period lasting into adolescence during which the
mPFC, the dHP and possibly other structures are sensitive to the amount of 5-HT signaling
through 5-HT1 5 heteroreceptors. In the present study, we have focused on the effects of
suppressing 5-HT 4 heteroreceptor function resulting in enduring changes that suggest loss
of hedonic drive and less active coping to stressors. Whether enhanced signaling through this
pathway during this sensitive period might result in the opposite, with enhanced active
coping to stressors and improved hedonic drive is an intriguing possibility.

Experimental Procedures

For details, please see Supplemental Information.

Animal husbandry

Male mice were housed in groups of three to five and had ad libitum access to food and
water. Animals were maintained on a 12:12 light/dark schedule. Protocols were approved by
the Institutional Animal Care and Use Committee and were conducted in accordance to the
NIH Guide for the Care and Use of Laboratory Animals.

Generation of the conditional 5-HT15 heteroreceptor knock-out mice

As previously described (Richardson-Jones et al., 2011). Briefly, male
Htr1a!etO/teto/CamK—~{TS+ mice were bred to Htr1a!®O/tO females. HtrlatetO/e0.CamK—tTS+
male mice were maintained in the presence or absence of chow containing DOX (40 mg/kg:
product #F5545; Bioserv) (Figure 1A).
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Behavioral and physiological studies

Male mice were tested starting at 12-14 weeks of age and the battery of behavioral tests
took 4-5 weeks to complete. Anxiety tests were completed before other behavioral tests. All
behavioral and physiological tests are described in supplemental information.

c-fos Immunohistochemistry

C-fos was induced as previously described by a swim-stressor (10 min) and mice were
perfused 2 hours later (Garcia-Garcia et al., 2013). For staining, sections were blocked in
10% NDS (Jackson Immunoresearch) and 1% Triton in PBS for 1 hr. and then incubated
with rabbit c-fos antibody (1:5000, Calbiochem PC38) and mouse CamKII (1:200,
Millipore), or mouse GADG67 (1:1000, Millipore), or sheep TPH (1:200, Millipore)
overnight at 4 °C. After washing with PBS, sections were incubated for 1 hr with secondary
antibody (1:200 biotin donkey anti-rabbit, Jackson Immunoresearch) followed by
amplification with avidin (1:200, Cy3, Jackson Immunoresearch) complex and either donkey
anti-mouse or anti-sheep cy2 (1:200; Jackson Immunoresearch) and NeuroTrace Nissl stain
(Invitrogen). Sections were after washed and mounted on glass slides with Prolong Gold
Anti-fade Reagent (Invitrogen).

In vivo anesthetized recordings of 5-HT neurons

Single glass micropipettes were positioned 0.2—-0.5 mm posterior to the interaural line on the
midline and lowered to a depth of 2.5-3.5 mm from brain surface. The DRN 5-HT neurons
were identified according to the following criteria: a slow (0.5-2.5Hz) and regular firing rate
and a long duration, positive action potential.

Intracerebral in vivo microdialysis

Briefly, two concentric dialysis probes were implanted in the mPFC and DRN. Following
recovery, probes were continuously perfused with aCSF, and dialysates collected in the
mPFC and in the DRN for analysis by HPLC-amperometry. Freely moving mice were
treated with FLX (18 mg/kg; s.c.) and dialysate were collected.

Viral injections and temporal regulation of virally expressed tTS
Briefly, P9-P10 Htr1att0/etO male mice were bilaterally infused in the mPFC or dHP with
0.1 microL of the AAV9-CaMKlla-tTs-2A-EYFP-WPRE (2.20e+13vg/mL) virus at 0.025
microL/min. After surgery, mice were maintained on DOX. At P28, half of the mice were
withdrawn from DOX and maintained on normal chow (Figure 5A).

Statistical analysis

Results from data analyses were expressed as mean = SEM. p<0.05 was used as the
threshold for significance. Group differences were analyzed using a one-way analysis of
variance (ANOVA) unless otherwise stated. Repeated measures ANOVA was used for the
cookie and sucrose preference tests.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Forebrain suppression of pyramidal 5-HT 1 heteroreceptors results in a depression-
like phenotype

(A) tTS system cartoon. Top: Mice homozygous for the Htr1a®© allele and possessing one
copy of the a- CaMKI//-tTS transgene express 5-HTq 4 receptors in normal patterns when
maintained on doxycycline (DOX). Bottom: In the absence of DOX, transcription of 5-HT
is suppressed in the forebrain but not in the raphe nucleus (RN). (B) No differences were
detected between Hetero-KO mice and controls in total path (ANOVA for main effect of
group: F(1,26)=0.659; p=0.4242) or (C) % center distance in the open-field (ANOVA for
main effect of group: F(; 26)=0.322; p=0.5754; n=10-18/group). (D) No differences were
detected between groups in time spent in the open arms of the elevated-plus maze (ANOVA
for main effect of group: F(; 26)=0.036; p=0.8515; n=10-18/group). (E) Hetero-KO mice
displayed increased latency in the NSF (Kaplan-Meier survival analysis with Mantel-Cox:
p<0.01; n=10-18/group). (F) No differences were detected between groups in the fear-
conditioning paradigm. Percent time freezing at baseline (ANOVA for main effect of group:
F(1,17)=0.213; p=0.6505) and during context test (ANOVA for main effect of group:
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F,17=0.021; p=0.8876). (G) Percent time freezing in novel context in the absence and
presence of the tone (ANOVA for main effect of group: F(1,17)=0.056; p=0.8166; n=8-11/
group). (H) Hetero-KO mice displayed decreased cookie consumption (ANOVA repeated
measures for main effect of group: F(; 23)=37.243; p<0.0001; for main effect of time:
F(1,3)=3.345; p<0.05; n=8-17/group) and (1) decreased sucrose preference compared to
controls (Two-way ANOVA repeated measures time x group interaction for choice testing
days (5-8): F(3,54)=10.065; p<0.0001; main effect of group: F(1 18=96.561; p<0.0001; n=9-
11/group). (J) Hetero-KO mice displayed decreased mobility compared to controls in a 2
day FST (ANOVA for main effect of group: Day 1, F(1,17)=6.389; p<0.05; Day 2,
F(1,17)=47.447; p<0.01; n=8-11/group). (K) No difference in CORT levels at the onset of
both the light and the dark phase was detected between groups (ANOVA for main effect of
group: AM: F(1,14)=0.047; p=0.8309; PM: F (1 16)=0.001; p=0.9758; n=8-9/group). (L)
Hetero-KO mice display an enhanced CORT response to a forced-swim stressor compared to
controls (ANOVA for main effect of group: F(; 10)=7.306; p=0.0222; n=6/group). Male mice
were tested starting at 12-14 weeks of age. Data are represented as mean£SEM. *p<0.05,
**<0.01. See also Figure S1 and S2.
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Figure 2. Region specific changes in c-fos activation after a swim-stressor in Hetero-KO mice
(A) % c-fos expressing cells normalized to controls. Note decreased c-fos+ cells in the

prelimbic (PrL) area (ANOVA for main effect of group: F(; 6)=7.893; p<0.05), with no
differences in the infralimbic area (IL)(ANOVA for main effect of group: F(; 6)=2.585;
p=0.1590), dentate gyrus (DG)(ANOVA for main effect of group: F(; 5)=0.085; p=0.7810),
basolateral amygdala (BLA)(ANOVA for main effect of group: F(; 6)=4.105; p=0.0891),
lateral wings of the raphe (LW)(ANOVA for main effect of group: F(; 7y=3.311; p=0.1116),
dorsal (DRN)(ANOVA for main effect of group: F(; 9)=0.636; p=0.4457) or in the medial
raphe nucleus (MRN)(ANOVA for main effect of group: F(1 5)=0.424; p=0.5393) in Hetero-
KO mice compared to controls. (B,C) In the PrL, compared to controls, Hetero-KO mice
displayed a decreased percentage of CamKIlI+ cells that are c-fos+ (ANOVA for main effect
of group: F(1,6=84.768; p<0.01); no change was detected in the percent of GAD67+ cells
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that also are also c-fos+ (ANOVA for main effect of group: F(; 6=1.352; p=0.2891). (D,E)
In the IL, no significant differences were detected between groups in percentage of
pyramidal or GABAergic cells that were also c-fos+ (ANOVA for main effect of group:
F(1,6=4.602; p=0.0756, F(1 6)=2.336; p=0.1772, respectively). (F,G) Percentage of TPH+
cells that co-localize with c-fos is increased in the lateral wings (ANOVA for main effect of
group: F(1,7)=58.577; p<0.01) and DRN (ANOVA for main effect of group: F(1,10)=8.121;
p<0.05) of Hetero-KO mice compared to controls. (H,I) Fewer bead labeled cells co-localize
with c-fos in the PrL. (ANOVA for main effect of group: F(; 5)=34.336; p<0.01), with no
changes in the IL (ANOVA for main effect of group: F(; 6)=0.002; p=0.9679). Single arrow
depicts a single labeled cells and double arrow depicts double-labeled cells. Scale
bar=10pum. (n=4-5/group). Data are represented as mean+SEM. *p<0.05, **p<0.01. See
also Figure S3.
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Figure 3. Suppression of 5-HT1a heteroreceptors results in altered 5-HT tone
(A) Hetero-KO mice displayed lower basal 5-HT firing rates compared to controls (ANOVA

for main effect of group: F(; 57)=4.647; p<0.05; n=23-36/group). (B) Representative
recordings of DRN 5-HT neurons obtained in control (Top) and Hetero-KO (Bottom). (C)
Decreased basal 5-HT levels in the DRN in Hetero-KO mice (ANOVA for main effect of
group: F(1,14)=4.865; p<0.05)(D) along with increased basal 5-HT levels in the mPFC in
Hetero-KO mice (ANOVA for main effect of group: F(1 14)=4.629; p<0.05). (E) Area under
the curve analysis, revealed no significant effect of group in the DRN (ANOVA for main
effect of group: F(1 14)=0.144, p=0.708) but a significant effect of time (ANOVA repeated
measures for main effect of time: DRN: F(1 14)=6.215, p<0.01) in 5-HT levels following
injection of FLX. (F) 5-HT measured by area under the curve analysis, revealed no
significant effect of group in the mPFC (ANOVA for main effect of group: F(3,14)=0.432,
p=0.521) but a significant effect of time (ANOVA repeated measures for main effect of time:
F(1,14)=3.387, p<0.01) measured after FLX. (n=7-9/group). Data are represented as mean
+SEM. *p<0.05, **p<0.01.
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Figure 4. Suppression of 5-HT1a heteroreceptors beginning at or during adolescence results in a
depression-like phenotype

(A) Control and Hetero-KO mice were generated by maintaining Htr1a®®to/t0_CamK1-tTS
+ mice in the presence or absence of DOX throughout life. Adolescent knockdown
(Adolescent KD) mice were removed from DOX at P28 and Rescue mice were withdrawn
from DOX from P28 to P43. (B) No group differences were detected in either total distance
(ANOVA for main effect of group: F(3 45)=0.010; p=0.9987) or (C) % center distance in the
open-field (ANOVA for main effect of group: F(3 45=0.029; p=0.9934; n=11-15/group). (D)
No group differences were detected in time spent in the open arms of the elevated-plus maze
(ANOVA for main effect of group: F(3 45=0.045; p=0.9851; n=11-15/group). (E) Hetero-
KO, Adolescent KD and Rescue mice displayed increased latency in the NSF paradigm
(Kaplan-Meier survival analysis with Mantel-Cox and Bonferroni correction: p<0.01; n=11-
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15/group). (F) Hetero-KO, Adolescent KD and Rescue mice displayed a decreased sucrose
preference (ANOVA repeated measures for main effect of group: F(3 21)=6.516; p<0.01;
Fisher post hoc: p<0.01 all groups vs. control; n=11-15/group) and (G) decreased mobility
compared with the controls in a 2 day FST (ANOVA for main effect of group: Day1:
F(3,44=6.001, p<0.01; Fisher post hoc: p<0.01 all groups vs. control; Day 2: F(3 44)=5.198,
p<0.01; Fisher post hoc: p<0.01 all groups vs. control; n=11-15/group). (H) No difference
in CORT levels at the onset of both the light and the dark phase was detected among groups
(ANOVA for main effect of group: AM: F(335)=0.743; p=0.5339; PM: F(3 35=0.032;
p=0.9922; n=9-10/group). (L) Hetero-KO, Adolescent KD and Rescue mice display an
enhanced CORT response to a forced-swim stressor compared to controls (ANOVA for main
effect of group: F(3 35)=12.974; p<0.01; Fisher post hoc: p<0.01 all groups vs. control; n=9-
10/group). Male mice were tested starting at 12—-14 weeks of age. Data are represented as
mean+SEM. *p<0.05, **p<0.01. See also Figure S4 and S5.
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Figure 5. Suppression of PFC, but not dHP, pyramidal 5-HT1a heteroreceptors results in a
depression-like phenotype

(A) Timeline. (B) Representative images depicting virus infection in the mPFC (Left) and
dHP (Right). Scale bar=100um. (C) No differences were detected between PFC-KD and
control (PFC-Control) mice in total path (ANOVA for main effect of group: F(; 27)=0.451;
p=0.5076) or (D) % center distance in the open-field (ANOVA for main effect of group:
F(1,27)=0.022; p=0.8827; n=14-15/group). (E) Time spent in the open arms of the elevated-
plus maze was not different (ANOVA for main effect of group: F127y=0.026; p=0.8741;
n=14-15/group). (F) PFC-KD showed increased latency to eat in the NSF compared to PFC-
Control (Kaplan-Meier survival analysis with Mantel-Cox: p<0.01; n=14-15/group). (G)
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PFC-KD displayed decreased sucrose preference compared to PFC-Control mice (ANOVA
repeated measures for main effect of group: F(; 23)=10.424; p<0.01; n=11-14/group). (H) In
the FST PFC-KD mice showed increased immobility compared to PFC-KD mice on day 2
(ANOVA for main effect of group: Day 1, F(1 »7)=3.226; p=0.0836; Day 2, F(127)=91.645;
p<0.01). (1) No differences were detected between dHP-KD and dHP-Control mice in total
path (ANOVA for main effect of group: F(; 20)=0.067; p=0.7990) or (J) % center distance in
the open-field (ANOVA for main effect of group: F(; »0=0.018; p=0.8952; n=9-13/group).
(K) No change in time spent in the open arms of the elevated-plus maze (ANOVA for main
effect of group: F(1,20)=0.070; p=0.7940; n=9-13/group). (L) In the NSF, dHP-KD mice
showed increased latency to feed compared to dHP-Control mice (Kaplan-Meier survival
analysis with Mantel-Cox: p=0.05; n=9-13/group). (M) No changes were detected in the
sucrose preference test (Two-way ANOVA repeated measures time x group interaction for
choice testing days (5-8): F(3,60)=0.059; p=9809; n=9-13/group). (N) In the FST no changes
were observed (ANOVA for main effect of group: Day 1, F(1 20)=0.248; p=0.6239; Day 2,
F(1,20=0.178; p=0.6775; n=9-13/group). Male mice were tested starting at 12-14 weeks of
age. Data are represented as mean£SEM. *p<0.05, **p<0.01. See also Figure S6 and S7.
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Table 1
mPFC pyramidal neuron response to 5-HTq agonists

Whole cell recordings from mPFC cells showing percentage of cells that show a response to the bath perfused
drug. A smaller proportion of Hetero-KO mPFC pyramidal cells responds to 5-CT compared to controls
(Control: 9/11;Hetero-KO: 3/10)(Fisher’s: p<0.05; n=10-11/group). No changes were observed in the
percentage of non-pyramidal cells. (Control: 3/7;Hetero-KO: 4/9)(Fisher’s: p=1.0)(n=7-9/group). All
pyramidal cells respond robustly to Baclofen (Control: 4/4;Hetero-KO: 4/4)(Fisher’s: p=1.0; n=4/group).

Transgenic | Pyramidal 5-CT | Non-Pyramidal 5-CT | Pyramidal Baclofen

Control 82% 43% 100%
Hetero-KO 30% 44% 100%
*
0<0.05,
Ex 3
£<0.01.

Related to Figure 1.See also Figure S1.
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Table 2
5-HTa heteroreceptor response to 5-HT4 4 agonist in the PFC of PFC-KD mice

Whole cell recordings from mPFC cells showing percentage of pyramidal cells responding to bath perfused
drug. PFC-KD mPFC cells show a decreased proportion of pyramidal cells that respond to 5-CT compared to
controls (PFC-Control) (PFC-Control: 9/11;PFC-KD: 3/10)(Fisher’s: p<0.05; n=10-11/group). All cells in
both groups responded to Baclofen (PFC-Control: 11/11;PFC-KD: 9/9) (Fisher’s: p=1.0; n=10-11/group).

Viral Injection Site | Pyramidal 5-CT | Pyramidal Baclofen

PFC-Control 82% 100%
PFC-KD 30% 100%
*
0<0.05,
Ak
p<0.0L.

Related to Figure 5.
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