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Serotonin (5-HT) neurons located in the raphe nuclei modulate a
wide range of behaviors by means of an expansive innervation
pattern. In turn, the raphe receives a vast array of synaptic inputs,
and a remaining challenge lies in understanding how these individ-
ual inputs are organized, processed, and modulated in this nucleus
to contribute ultimately to the core coding features of 5-HT neurons.
The details of the long-range, top-down control exerted by the
medial prefrontal cortex (mPFC) in the dorsal raphe nucleus (DRN)
are of particular interest, in part, because of its purported role in
stress processing and mood regulation. Here, we found that the
mPFC provides a direct monosynaptic, glutamatergic drive to both
DRN 5-HT and GABA neurons and that this architecture was
conducive to a robust feed-forward inhibition. Remarkably, activa-
tion of cannabinoid (CB) receptors differentially modulated the
mPFC inputs onto these cell types in the DRN, in effect regulating
the synaptic excitatory/inhibitory balance governing the excitability
of 5-HT neurons. Thus, the CB system dynamically reconfigures the
processing features of the DRN, a mood-related circuit believed to
provide a concerted and distributed regulation of the excitability of
large ensembles of brain networks.

optogenetics | synapse | glutamate receptors | anxiety | depression

he phylogenetically old neurotransmitter serotonin (5-HT) is

known to regulate a remarkably wide range of brain functions
and behaviors, such as mood, aggression, reward, perception, levels
of arousal, and decision making (1-5). The 5-HT—-containing
neurons are localized in a collection of small brainstem nuclei
collectively known as the raphe nuclei, with the largest being the
dorsal raphe nucleus (DRN). These neurons send extensive and
widespread axonal projections throughout the forebrain (6). As
such, the firing of a relatively small number of 5-HT neurons is
powerfully poised to regulate the excitability of large ensembles
of neural networks distributed across virtually the entire brain.
However, little is known about how the synaptic networks im-
pinging onto the DRN regulate the excitability of its constituent
cells to generate the core feature selectivity of 5-HT neurons
and, ultimately, to regulate the dynamic output of 5-HT to
the brain.

A significant step forward in this direction has recently been
achieved by a number of anatomical studies that provide a com-
prehensive list of the brain regions projecting to the DRN, as well
as detailed cartography of the connectivity patterns of these inputs
to local cellular elements within the DRN subnetwork (i.e., 5-HT
neurons, local GABAergic neurons) (7-9). The top-down control
exerted by the phylogenetically recent medial prefrontal cortex
(mPFC) over the DRN is of particular importance, in part, be-
cause of the purported role of this pathway in regulating several
aspects of motivation and stress processing, and in mediating an-
tidepressant-like effects (1, 10, 11). The mechanistic details of this
long-range connectivity are elusive, however, because previous
studies using a variety of approaches have reported both excitatory
and inhibitory control by the prefrontal cortex (PFC) of 5-HT
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output (7, 9, 12). Moreover, the basic architecture, processing fea-
tures, and neuromodulatory influence of this synaptic network are
still ill-defined.

Here, using primarily a combination of whole-cell recordings and
optogenetic approaches, we show that activation of corticoraphe
axonal projections evoked monosynaptic, glutamatergic connections
onto both DRN 5-HT and GABAergic cells. This mesoscale synaptic
organization of the DRN subnetwork was permissive to a synaptic
feed-forward GABAergic-mediated inhibition of both 5-HT and
GABAergic cells upon PFC axon stimulation. Interestingly, whereas
PFC inputs onto 5-HT and GABAergic neurons were regulated by
endocannabinoids (eCBs) and 5-HT, the sensitivity of these synapses
to cannabinoid receptor 1 (CB;R) activation exhibited an unsus-
pected target specificity, with mPFC synapses onto GABA neurons
being more sensitive than mPFC synapses onto 5-HT neurons. This
differential sensitivity finely controlled the excitatory/inhibitory syn-
aptic balance of the corticoraphe circuit, whereby CB;R activation
favored the direct excitatory drive of 5-HT neurons at the expense of
the feed-forward inhibition. This specialized processing feature of the
DRN subnetwork acting onto the top-down, long-range control
exerted by the mPFC inputs may be intimately involved in the mood-
regulating features of 5-HT and the cannabinoid (CB) system.

Results

To investigate the synaptic properties of mPFC inputs to the
DRN, we first confirmed the presence of this innervation by
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injecting Fluoro-Gold in the DRN. Consistent with previous
retrograde tracing studies (8), we found dense labeling of the tracer
in the mPFC and, more specifically, in layer V neurons (Fig. S1). In
keeping with this observation, strong fluorescence signals were ob-
served in the raphe 2 to 3 wk following injection in the mPFC of a
virus coding either for GFP alone or for channelrhodopsin (ChR2-
H134R tagged with mCherry) (Fig. S2). In the raphe, these labeled
axons were preferentially oriented in the rostrocaudal axis and
appeared to make direct synaptic contacts with 5-HT neurons, ei-
ther stained for tryptophan hydroxylase 2 (TPH2) or filled with
Alexa-594 and imaged by two-photon (2P) excitation during elec-
trophysiological recordings (Fig. S2C). To study this descending
innervation functionally, we next turned to optogenetics. We first
showed that layer V pyramidal neurons in PFC slices prepared 2 to
3 wk following viral transduction in the mPFC were depolarized by
LED stimulation (Fig. S3). Because optogenetic activation can also
induce neurotransmitter release from isolated axons in brain slices
(13, 14), we selected this method to study the local network pro-
cessing features of the corticoraphe pathway.

mPFC-DRN Glutamate Inputs to 5-HT Neurons Are Monosynaptic.
Recordings were carried out from DRN 5-HT neurons that
were identified as previously described (15) (Fig. S4). Recordings
from 5-HT neurons showed that LED stimulation (1-5 ms)
evoked measurable inward postsynaptic currents (PSCs) in 76%
of recorded neurons (i.e., 419 of 545 neurons). When recorded at
—70 mV, these light-induced inward PSCs (i) displayed rapid and
constant onset, (if) exhibited rapid decay, (iii) ranged between
5 pA and 1 nA, and (iv) were blocked by the AMPA receptor
(AMPAR) antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo
[flquinoxaline-7-sulfonamide di-sodium salt (NBQX) (Fig. 1 B,
1). Longer decaying outward PSCs were recorded at +40 mV and
were blocked by the NMDA receptor (NMDAR) antagonist
2-amino-5-phosphonopentanoic acid (APV) (Fig. 1 B, 2). Thus,
activation of PFC axons in the DRN elicits PSCs onto 5-HT
neurons mediated by both AMPA and NMDAR:s.

We then looked at basic aspects of light-induced synaptic release
from isolated ChR2-transduced PFC axons in the DRN. ChR2-
mediated excitatory PSCs (ChR2-EPSCs) were abolished by the
nonspecific blockade of voltage-gated (VG) Ca®* channels with
cadmium (Cd**) and by the blockade of VG Na* channels with
tetrodotoxin (TTX) (Fig. 1 B, 3 and 4). We further found that the
TTX-induced blockade of mPFC terminal release could be reversed
by the subsequent administration of the potassium (K*) channel
blocker 4-aminopyridine (4-AP; Fig. 1 B, 5). The ChR2-EPSCs
rescued by 4-AP had no discernable change in their decay kinetics,
although their onset was somewhat delayed (Fig. SS5). Thus, ChR2-
mediated activation of mPFC axons leads to an action potential-
dependent and Ca?" channel-dependent glutamate release. In the
presence of TTX, light illumination induced glutamate release from
PFC axons onto 5-HT neurons, but only provided that the ChR2-
mediated depolarization of isolated axons was unabated by the
activation of K* channels (13, 14). Collectively, this behavior is in-
dicative of a direct monosynaptic input from PFC axons onto DRN
5-HT neurons.

We next determined the weights of AMPAR-mediated synaptic
inputs from the PFC onto 5-HT neurons because this metric
represents a fundamental feature of the top-down PFC control of
DRN excitability. The amplitude, per se, of ChR2-EPSCs showed
considerable variability across experiments, presumably reflecting
variability in the number of transduced axons contacting the recor-
ded neurons, and was therefore a poor metric to quantify unitary
synapse strengths. We thus substituted extracellular Ca®* for stron-
tium (Sr**) because this manipulation results in asynchronous,
input-specific, unitary AMPAR-mediated EPSCs (16, 17). In
these conditions, LED stimulation led to a time-locked, early
ChR2-EPSC that was closely followed by several delayed, asynchro-
nous EPSCs (asEPSCs) whose frequency was above the frequency
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Fig. 1. mPFC-DRN inputs onto 5-HT neurons are monosynaptic, glutamatergic,
and sufficient to drive action potential firing. (A) Schematics of adeno-associated
virus (AAV)-ChR2 injection (Left) and DRN neuron recording from a midbrain
slice (Right). ChR2-PSCs are blocked by NBQX (10 pM) or D-APV (50 uM) (B, 1: n =
5; B, 2: n = 5). Presynaptic release is inhibited by cadmium (Cd?*; 200 pM) or TTX
(1 pM) (B, 3: n = 3; B, 4: n = 10). (B, 5) Inhibition of presynaptic release with TTX
was partially rescued by 4-AP (1 mM; n = 6). Traces of a ChR2-EPSC (magenta arrow)
and spontaneous EPSCs (SEPSCs) (orange arrows) in the presence of 2.5 mM
extracellular Ca®* (C, 1) or 4 mM strontium chloride (SrCl,) (D, 1) are shown. (C, 2,
Top and D, 2, Top) Scatter plot of ChR2-EPSCs (magenta) followed by sEPSCs
(orange). (C, 2, Bottom and D, 2, Bottom) Peristimulus time histogram of ChR2-
EPSCs (magenta) and sEPSCs (orange). (D, 3) Histogram of asynchronous EPSC
(asEPSC) amplitudes at mPFC-DRN synapses onto 5-HT neurons (n = 9). (E) Re-
cordings of ChR2-EPSCs [Left, membrane voltage (Vm) = =70 mV] and action-
potential firing in current-clamp recordings (Right, Vm ~ =70 mV). Cumulative
distribution plot depicts the latency distribution of mPFC, i.e.,, mPFC-driven ac-
tion potentials in DRN 5-HT neurons (49.4 + 14.5 ms, n = 11). Amp., amplitude;
Cum. Prob., cumulative probability; Freq., frequency.

of spontaneous EPSCs for ~300 ms following LED stimulation (Fig.
1 C and D). The average amplitude of these ChR2-asEPSCs was
14.5 + 0.2 pA (Fig. 1 D, 3), with some events reaching several tens
of picoamperes.

To parse the weight of the PFC inputs in modulating the ex-
citability of 5-HT neurons, we carried out recordings in a K*-
based internal solution (with normal Ca**) and examined the
ability of ChR2-EPSCs (of known amplitudes determined in
voltage-clamp recordings) to induce action potential firing (de-
termined in current-clamp recordings) from the same 5-HT
neuron (Fig. 1E). In several cases, we found that ChR2-EPSCs as
small as ca. 50 pA induced an EPSP that was of sufficient am-
plitude to drive the firing of a time-locked action potential in
5-HT neurons. Considering the amplitude distribution of unitary
EPSCs from PFC axon stimulation (Fig. 1 D, 3), these results
indicate that the synchronous release of glutamate from very few
axons from the mPFC (in principle, as few as one axon) can drive
action potential firing of DRN 5-HT neurons. Collectively, these
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results show that the mPFC gives rise to a long-range axonal
innervation to the DRN that (i) monosynaptically releases glu-
tamate onto 5-HT neurons, (if) activates both the AMPARSs and
NMDARs, and (iii) powerfully regulates the excitability and
firing output of DRN 5-HT neurons.

Feed-Forward Inhibition of 5-HT Neurons by Optical Activation of
mPFC-DRN Synapses. Early in the course of this study, we noticed
that the inward ChR2-EPSCs were often followed by a delayed,
secondary, inward PSC. The secondary PSC reversed close to our
chloride reversal, became resolutely outwardly going at —25 mV,
and was blocked by the GABA, receptor (GABAAR) antagonist
bicuculline (Fig. 2 A4, 2 and 3). In principle, this mixed inward and
outward current can reflect one of two broad scenarios: (i) a sub-
population of individual mPFC axons release glutamate and/or
GABA onto DRN 5-HT neurons, or (i) individual mPFC axons
make direct excitatory synaptic inputs on both DRN 5-HT neurons
and local GABAergic neurons, with action potential firing of the
latter leading to a delayed feed-forward inhibition of 5-HT neurons.
To distinguish between these possibilities, we carried out the fol-
lowing series of experiments. First, we determined the coefficient of
variation (CV) of both the latencies and amplitudes of both the
EPSCs and inhibitory postsynaptic currents (IPSCs) (Fig. 2B). If
glutamate/GABA were being coreleased at these synapses, one
would expect that the latency and amplitudes of both of the ChR2-
PSCs (i.e., inward and outward) would exhibit broadly similar var-
iability. However, we found that the latencies and amplitudes of the
outward IPSC digplayed a much larger CV than the inward EPSC
(plotted as 1/CV~; Fig. 2B). Second, we found that bath adminis-
tration of APV and NBQX blocked both the inward and outward
PSCs (Fig. 2C), which is expected of a feed-forward inhibition ar-
chitecture (and not of a corelease scenario). As a last test, we
reasoned that the ability of 4-AP application to rescue the abol-
ishment of ChR2-PSCs by TTX (seen in Fig. 1 B, 5) should be
limited to ChR2-transduced axons (i.e., 4-AP should not rescue
TTX-induced suppression of firing of local cellular elements that
are devoid of ChR2 expression). We found that whereas adminis-
tration of TTX blocked both the light-induced EPSCs and IPSCs,
only the early ChR2-EPSC component was recovered by bath ap-
plication of 4-AP (Fig. 2D). Altogether, the results thus far show
that the mPFC sends a direct, monosynaptic input onto DRN 5-HT
neurons and that it triggers a local, GABAergic-mediated, feed-
forward inhibitory circuit.

Feed-Forward Inhibition of Local DRN GABA Interneurons by Optical
Activation of mPFC-DRN Synapses. By outlining the presence of a
local disynaptic feed-forward inhibitory circuit, the experiments
outlined above suggest that mPFC axons also make mono-
synaptic, glutamatergic contacts with GABAergic neurons lo-
cated within the DRN subnetwork. We next sought to test this
prediction directly. To guide our electrophysiological experi-
ments, we first performed immunohistochemical labeling for
GADG67 in the DRN. We found that, consistent with previous
studies (18), the majority of DRN GABA neurons were located
in the ventrolateral subdivision of the DRN with very sparse
labeling along the midline, where the majority of 5-HT neurons
are found (Fig. S6).

We then targeted these GABA neurons in the ventrolateral
subdivision of the DRN using previously established morphological
and electrophysiological characteristics (19) (Fig. S6). DRN GABA
neurons were first identified morphologically by their small di-
ameter and round shape (Fig. 3 A4, /) and then electrophysiologi-
cally: Unlike 5-HT neurons, DRN GABA neurons fire at high
frequency (up to 25 Hz) with current injection, display a charac-
teristic depolarization block (Fig. S6C), and do not respond to bath
application of the 5-HT;5 receptor agonist 5-carboxamidotrypt-
amine (5-CT) (19) (Fig. S6B). Moreover, in contrast to the rela-
tively meager dendritic arborization of typical 5-HT neurons (Figs.
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Fig. 2. mPFC-DRN inputs to 5-HT neurons provide disynaptic feed-forward
inhibitory connections. (A, 1, Left) Traces of ChR2-PSCs. (A, 1, Right) ChR2-
PSC traces before and after bicuculline (BIC) (20 pM; Vm = —10 mV). (A, 2)
Scatter plot of PSCs in response to BIC. (A, 3) Average population response of
inward ChR2-EPSCs (blue) and outward IPSCs (red) to BIC. (B, 7 and 4) Indi-
vidual traces of ChR2-EPSCs (blue, inward) and ChR2-IPSCs (red, outward)
(Vm =—15mV). (B, 2) Scatter plot of PSC latencies (dotted line, mean latency;
gray, SD). (B, 3) PSC latencies plotted as 1/CV? (n = 6; P = 0.004). (B, 5) Scatter
plot of PSC amplitudes. (B, 6) PSC amplitudes plotted as 1/CV? (n = 6; P =
0.046). (C, 7 and 2) Traces and scatter plot of ChR2-PSCs in response to NBQX
and D-APV. (C, 3) Normalized population data of PSC amplitude during
baseline and following NBQX and APV (n = 3). (D, 7 and 2) Traces and scatter
plot of PSCs in response to bath application of TTX, followed by 4-AP. (D, 3)
Normalized population data of PSC amplitudes during baseline, TTX, and
TTX and 4-AP (n = 6). Gray circles indicate individual cell averages. CTL,
control; norm., normalized.

S2, C and S4 D, 2), DRN GABA neurons showed more extensive
dendritic arbors (by 2P imaging; Fig. S6E). In a few cases, we
confirmed that these small, round, 5-CT-insensitive and electro-
physiologically characterized neurons were negative for TPH2 la-
beling, as determined by post hoc immunohistochemical detection
of biocytin included in the recording pipette (Fig. S6D).

We carried out recordings from GABA neurons and found
that ChR2-PSCs were triggered in more than 73% of neurons
(i.e., 118 of 160), with PSC amplitudes ranging from 5 pA to 2 nA
(although amplitudes greater than a few hundred picoamperes were
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Fig.3. mPFC-DRN inputs to GABA neurons provide monosynaptic excitatory
and disynaptic feed-forward inhibitory connections. (4, 1, Left) Schematic of
a recording from a DRN GABAergic neuron. (A, 1, Right) Differential in-
terference contrast (DIC) image of the DRN. (/nset) Recording from a GABA
neuron. (A, 2) ChR2-PSCs are abolished by NBQX (n = 4). (B, T and 2) Aver-
aged traces and scatter plot of ChR2-EPSCs in response to bath application of
TTX, followed by 4-AP. (B, 3) Normalized population data of ChR2-EPSC
amplitudes during baseline, TTX, and TTX and 4-AP (n = 7). (C, 1, Left) Traces
of ChR2-PSCs onto a GABA neuron. (C, 1, Right) ChR2-PSC traces before and
after BIC (Vm = —10 mV). (C, 2) Scatter plot of PSCs in response to BIC. (C, 3)
Average population response of inward ChR2-EPSCs (blue) and outward
IPSCs (red) to BIC. (D, 7 and 4) Individual traces of mixed ChR2-PSCs onto a GABA
neuron (Vm = —25 mV). (D, 2) Scatter plot of PSC latencies (dotted line, mean
latency; gray, SD). (D, 3) CV of PSC latencies plotted as 1/CV? (n = 3; P = 0.0001).
(D, 5) Scatter plot of PSC amplitudes. (D, 6) CV of PSC amplitudes plotted as
1/CV? (n = 3; P = 0.001). Gray circles indicate individual cell averages.

rarely encountered; Fig. 34). Like the ChR2-PSCs triggered onto
5-HT neurons, those ChR2-PSCs recorded from GABA neurons
were blocked by NBQX (Fig. 3 4, 2) and by TTX (Fig. 3B); the
TTX abolishment of release was also rescued by the subsequent
administration of 4-AP (Fig. 3B). Thus, consistent with a pre-
vious report (9), we found that the mPFC sends direct, mono-
synaptic, glutamatergic inputs onto DRN GABAergic neurons.

In several recordings, we also observed that light illumination
triggered a second, delayed, inward PSC (Fig. 3C, Bottom). As
was seen in 5-HT neurons, this second inward current became
outward at —25 mV (Fig. 3 C, 1, Top), was blocked by bicuculline
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(Fig. 3 C, 2), and thus reflected a GABA,R-mediated IPSC.
Moreover, the variability in both the latency and amplitude of
the IPSCs and EPSCs (Fig. 3D) was consistent with action po-
tential-dependent release of GABA following the firing of local
cells. Altogether, these results show that the mPFC input to the
DRN triggers a direct excitation and an indirect feed-forward
inhibition acting on not only DRN 5-HT neurons but also on
DRN local inhibitory GABAergic neurons.

mPFC Synapses onto 5-HT and GABA Neurons Are Differentially
Modulated by CBs. Activation of presynaptic G protein-coupled re-
ceptors (GPCRs) powerfully regulates information flow in neural
circuits by modulating presynaptic release probability (20, 21).
Having established the functional network organization of the
corticoraphe circuit, we next examined its potential regulation by
neuromodulation, specifically asking whether PFC synapses onto
5-HT and GABA neurons were differentially modulated by GPCR
activation. We first needed to ensure that modulation of presynaptic
release from long-range PFC axons in the DRN could reliably be
studied in our hands using optogenetic approaches. As a first test,
we assessed the Ca”* dependence of ChR2-mediated release by
reducing the extracellular concentration of Ca** (from 2.5 to
0.5 mM). This manipulation, as expected, nearly completely abol-
ished ChR2-EPSCs (Fig. S74). Perhaps more importantly, activation
of the nearly ubiquitous GABAgR with baclofen strongly reduced
the amplitude of ChR2-EPSCs (Fig. S7B). Because the activation of
presynaptic 5-HT;p receptors has previously been shown to inhibit
presynaptic glutamate release from mixed inputs synapsing onto
5-HT neurons in the DRN (22), we next specifically asked
whether the mPFC inputs onto DRN 5-HT and GABA neurons
are modulated by 5-HT. Bath administration of 5-HT signifi-
cantly reduced the amplitude of ChR2-EPSCs in recordings from
both 5-HT and GABA cells with similar magnitude (Fig. 44).
CB:s, acting through presynaptic CB;Rs, are powerful modula-
tors of presynaptic release (23). Moreover, glutamate synapses
onto DRN 5-HT neurons have previously been shown to be
modulated by eCBs acting on presynaptic CBRs (24). As a first
test to examine in more detail how the top-down control of DRN
excitability exerted by the PFC is regulated by the CB system, we
applied depolarization-induced suppression of excitation (DSE)
protocols (i.e., 5-s depolarization to 0 mV) while monitoring the
amplitude of electrically evoked AMPAR-mediated EPSCs
(eEPSCs). We observed DSE in recordings from both 5-HT and
GABA neurons, and this inhibition was blocked by the CB;R
antagonist AM-251 (Fig. S8 4 and B). Thus, glutamate synapses
onto both DRN 5-HT and GABA neurons are regulated by eCBs.
We next tested whether glutamate release specifically from PFC
axons is sensitive to eCB release and found that the DSE protocol
induced a transient suppression of the amplitudes of ChR2-EPSCs
in both 5-HT and GABA neurons (Fig. S8 C and D). Although the
magnitude of the DSE observed using optical stimulation was more
variable and generally less robust than observed using electrical
stimulation, these results nonetheless show that PFC inputs to both
DRN 5-HT and GABA neurons are regulated by the CB system.
To gain a more reliable and quantifiable measure of the sensi-
tivity of PFC axons in the DRN to CB;R activation, we determined
the effects of administration of the selective CB;R agonist WIN 55,
212-2. Recordings from 5-HT neurons showed that bath adminis-
tration of WIN 55, 212-2 induced a small, but reliable, inhibition of
ChR2-EPSCs (Fig. 4B). Remarkably, the magnitude of the CBR-
mediated inhibition of ChR2-EPSCs was significantly more pro-
nounced in recordings from GABA neurons than from recordings
of 5-HT neurons (Fig. 4B). As such, these results unravel a striking
target specificity in the sensitivity of PFC inputs to CB signaling,
whereby PFC inputs onto GABA neurons are more sensitive to
CB;R-mediated inhibition than PFC inputs onto 5-HT neurons.
The target specificity in sensitivity to neuromodulation out-
lined above suggests that CB;R activation in the DRN should, in
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Fig. 4. mPFC-DRN synapses onto 5-HT and GABA neurons exhibit target-
specific modulation by CBs. (A, 1, Left) Traces of ChR2-EPSCs onto 5-HT
(green) and GABA (orange) neurons before and after (gray) bath application
of 5-HT (30 uM). (A, 1, Right) 5-HT decreases ChR2-EPSC amplitude onto 5-HT
and GABA neurons (solid circles indicate individual recordings). (A, 2) Aver-
age sensitivity of ChR2-EPSCs to 5-HT (5-HT cells, n = 5; GABA cells, n =5; P=
0.4). (B, 1, Left) Traces of ChR2-EPSCs onto 5-HT (green) and GABA (orange)
neurons before and after (gray) bath application of WIN 55, 212-2 (WIN;
10 uM). (B, 1, Right) WIN decreases ChR2-EPSC amplitude onto 5-HT and GABA
neurons. (B, 2) Average sensitivity of ChR2-EPSCs to WIN (5-HT cells, n = 5;
GABA cells, n=5; P=0.01). (C, 7) Traces and plot depicting the effect of WIN
on the mixed inward and outward ChR2-PSCs onto a 5-HT neuron. (C, 2)
Summary plot of WIN sensitivity on direct EPSCs and indirect IPSCs onto DRN
5-HT neurons (n = 4; P = 0.01). Gray circles indicate individual cell averages.

principle, favor the direct, monosynaptic excitation of DRN
5-HT neurons by descending PFC axons by preferentially inhibit-
ing the PFC drive of GABAergic neurons (Fig. S9). To test this
gating hypothesis directly, we recorded 5-HT neurons and
optogenetically activated PFC axons in conditions whereby we
simultaneously monitored both the direct glutamate-mediated
EPSCs and the indirect, feed-forward GABA-mediated IPSCs
(i.e., while voltage-clamping at —25 mV, analogous to the experi-
ments shown in Fig. 2). Administration of WIN 55, 212-2 in these
conditions resulted in a modest reduction of the direct ChR2-
EPSCs while markedly reducing the amplitude of the indirect,
outwardly going, GABA-mediated IPSCs (Fig. 4 C, I and 2),
thereby leading to a robust increase in the EPSC/IPSC ratio of
synaptic drive onto DRN 5-HT neurons elicited by the activation
of mPFC axons. In some cases, the CB;R-mediated inhibition of
the delayed IPSCs onto 5-HT neurons was close to 100%, which
is far beyond the magnitude of the inhibition induced by CB;R
activation of the ChR2-EPSCs onto DRN GABA neurons. As
such, the consequence of the target-specific differential in-
hibition of mPFC synapses by CB;R activation was amplified by
the feed-forward architecture in the DRN, leading to the oc-
currence of a “switch-like” mechanism in some cases, whereby
the balanced EPSC-IPSC inputs onto DRN 5-HT neurons trig-
gered by the mPFC are replaced by a dominant direct mono-
synaptic activation (Fig. 4C and Fig. S9). Thus, the CB system
can powerfully regulate information flow from the mPFC in the
DRN, and is thus well poised to fine-tune the functional role of
this important neural pathway.
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Discussion

By means of an expansive innervation pattern, the 5-HT system
powerfully regulates the excitability of neural networks (e.g., 25—
27). Whereas previous studies have shown that the PFC sends a
strong innervation to the DRN and modulates the excitability of
5-HT neurons, the basic features of this top-down cortical con-
trol have been largely elusive. Here, we functionally defined the
network architecture of the mPFC inputs to the DRN. Our results
indicate that mPFC axons powerfully regulate the excitability of
5-HT neurons by means of direct monosynaptic connections onto
both DRN 5-HT and GABA neurons. Activation of this input leads
to a robust GABAergic feed-forward inhibition acting on both
populations of DRN neurons. Unexpectedly, we uncovered a dif-
ferential, target-specific (28) sensitivity to CB-mediated synaptic in-
hibition that favored the direct, monosynaptic drive of 5-HT neurons
by mPFC axons at the expense of the feed-forward inhibition. This
modulation of the processing features of a mood-related subnetwork
may be involved in the mood-altering features of CB signaling.

The corticoraphe pathway has attracted attention, in part, due
to its role in mood regulation and stress processing (10, 29, 30).
Despite a large literature on anatomical tracing, functional studies
using a variety of experimental approaches have left contradictory
views on how these mPFC inputs modulate the excitability of the
DRN (7-9). Collectively, our results revealed that PFC inputs make
direct, monosynaptic, glutamatergic connections onto DRN GABA
and 5-HT neurons. These results are consistent with some (7, 8), but
not all (9), studies that have functionally investigated PFC inputs to
the DRN. Part of the inconsistencies between studies may stem
from distinct innervation patterns emanating from specific subre-
gions within the mPFC. In support of this idea, the probability of
observing a ChR2-EPSC onto 5-HT neurons was much lower
(~14%; i.e., 11 of 76 recordings) when the ChR2 virus was injected
in superficial subregions of the mPFC (i.e., cingulate and prelimbic
regions) compared with when injections were directed to the deeper
infralimbic region of the mPFC (76%; i.e., 419 of 545 recordings).
Intriguingly, lesions of the infralimbic regions of the PFC, but not
of the prelimbic regions, lead to the appearance of anxiety-related
traits in mice (31). Future work will determine whether these mood-
related changes are mediated by a compromised top-down control
from these deep layers of the PFC to the DRN subnetwork.

Activation of presynaptic GPCRs provides a powerful means to
modulate information flow (20, 21). It has historically been difficult
to study neuromodulatory influences on long-range synaptic con-
nectivity, and, to date, only a few studies have investigated GPCR
modulation of presynaptic release from ChR2-expressing terminals
(32-34). Here, we show that PFC inputs to the DRN are modulated
by 5-HT, GABA, and eCBs. The mPFC inputs onto both 5-HT and
GABAergic neurons were sensitive to eCB release, yet the mPFC
synapses onto GABAergic neurons were more sensitive to CB;R
activation than the mPFC synapses onto 5-HT neurons. Thus, this
target specificity in the sensitivity of mPFC axons to CBR activa-
tion allows CBs to gate the top-down control exerted by the PFC on
the DRN circuit by favoring a net increase in 5-HT output from this
mood-regulating integrating hub.

Even though the “neurochemical” basis of mood disorders has
contributed to the development of useful heuristic models in the
past, it is now increasingly argued that these models need to be
enriched with a detailed circuit-based functional framework as a
means to develop novel therapeutic strategies (35). Whereas the
importance of the 5-HT system in regulating mood and in the
mechanisms of actions of antidepressants has long been recog-
nized (36), the involvement of the CB system is increasingly
being documented (37-39). Moreover, mounting evidence points
to a key involvement of the PFC control of 5-HT neurotransmission
in mediating several of the mood-altering features of CBs (40). By
exerting a fine control over the excitation/inhibition balance of the
mPFC top-down control of DRN excitability, CB signaling in this
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relatively small network has a privileged access to modulate key
processing features of the DRN and, by extension, to the important
behavioral control exerted by the 5-HT system. The precise eluci-
dation of how information flow in this mood-related network is
dynamically regulated by neuromodulators may lead to the devel-
opment of informed pharmacological strategies for the treatment of
depression and anxiety disorders.

Materials and Methods

Animals. Sprague-Dawley rats (50-90 g; Charles River Laboratories) were re-
ceived at least 6 d before stereotaxic injections. All experiments and proce-
dures were performed in accordance with approved procedures and guidelines
set forth by the University of Ottawa Animal Care and Veterinary Services.

Virus Preparation and In Vivo Delivery. Adeno-associated virus (AAV)-ChR2
(H134R) was stereotaxically injected in the mPFC 2 wk before recordings.
More details are provided in S/ Materials and Methods.
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Electrophysiology and Photostimulation. Brainstem slices containing the DRN
were prepared and recorded from as previously described (15). ChR2-medi-
ated currents were primarily generated using a PlexBright LED module (465 nm;
Plexon) delivered by a 200-pm fiber patch cable. More details are provided in
SI Materials and Methods.

Statistics. All data are represented as mean + SEM. The number of cells is
indicated by n. An asterisk represents statistical significance, with P < 0.05,
derived from a standard Student t test.
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