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Abstract

Background: The medial prefrontal cortex (mPFC) is synaptically coupled to locus ceruleus (LC) located in the pontine tegmentum.
The LC supplies norepinephrine (NE) to most of the central nervous system (CNS) via an elaborate efferent network. NE release in
the cortex and various limbic structures regulates arousal, memory processes, adaptive behavior and cognitive control. Methods: The
study investigated the role of the mPFC-LC circuit in the cognitive behavior of mice. The mPFC efferents were inhibited optogenetically
at the level of dorso-rostral pons by virally delivered ArchT opsin. The mice were implanted bilaterally with optic fibers transmitting
yellow light and tested for anxiety-like behavior on Elevated O-maze (EOM), for long-term memory with Novel Object Recognition test
(NOR), for problem-solving ability with Puzzle test and for learning with Cued Fear Conditioning (FC). In addition, we used anterograde
transsynaptic viral tracing to map a possible anatomical circuit allowing the mPFC to modulate the activity of LC neurons, which supply
NE to the main limbic structures with a functional role in cognitive behavior. Results: The application of yellow light did not affect the
anxiety-like behavior of the mice but impaired their ability to recognize a novel object and solve a problem. Optogenetic inhibition of
mPFC to LC, in either acquisition or recall phase of FC similarly decreased freezing. The viral tracing identified the following tripartite
circuits: mPFC-LC-dentate gyrus of the hippocampus (DG), mPFC-LC-amygdala (Amy), and mPFC-LC-mPFC. Conclusions: Our
results reveal essential long-range regulatory circuits from the mPFC to LC and from LC to the limbic system that serves to optimize
cognitive performance.
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1. Introduction the association of an aversive unconditioned stimulus (US),
such as mild electric shock and a neutral conditioned stim-
ulus (CS), such as tone. Over pairings, the CS acquires
aversive value and creates a memory that triggers freezing
in rodents during subsequent CS alone presentations, for
review see [9]. The brain circuits engaged in associative
process are well established and include auditory and noci-
ceptive cortical and thalamic areas that project to the Amy,
where the presentation of the two sensory inputs causes
long-term potentiation (LTP) [10] and accelerates synapto-
genesis [11,12]. Both LTP and accelerated synaptogenesis
are enhanced by glucocorticoids and NE [13,14]. Within
the Amy, the role of NE in memory consolidation is exe-
cuted via the activation of /3 receptors, activation of which
promotes both LTP and synaptogenesis [15,16]. Arous-
ing painful stimuli such as tail pinch and electric shock in-
creases the release of NE in the Amy [17,18], which en-
hances the persistence of fear memories [ 14]. The increased
NE release in Amy is dubbed ‘emotional enhancement of
memories’, which can be found cross species in both ro-
dents and humans [19,20]. In addition to the Amy, the con-
text of the fear association is encoded by neuronal ensem-
bles in the dentate gyrus (DG) of the dorsal hippocampus
(Hipp), which is essential for the disambiguation of the en-

The medial prefrontal cortex (mPFC) projections can
have excitatory and inhibitory effects on locus ceruleus
(LC) neurons [1,2], making direct synaptic contact not only
with LC neurons but also with the neurons in the surround-
ing peri-LC dendritic area [3]. The presumptive functional
role of the mPFC projections to LC is regulation of both the
tonic and phasic noradrenergic activities, where the first is
responsible for disengagement from a current task and the
last for optimization of neuronal activity during a specific
task [4]. The LC is the principal source of norepinephrine
(NE) to the central nervous system (CNS) and is comprised
of distinct populations of cells that are highly integrated
with one another, and each LC sub-region receives region-
biased input. The sub-regions of LC can independently ac-
tivate and release NE in distinct brain regions [5,6]. An
example of this heterogeneous activity can be seen with ac-
tivation of LC projections to the amygdala (Amy) during
fear learning but LC projections to the mPFC during fear
extinction [7].

Memories for aversive events are resilient and persist
over time [8]. Cued fear conditioning is a standard labora-
tory paradigm for studying the acquisition, consolidation,
recall, and extinction of fear memories. The test relies on
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vironmental cues [21]. While early fear engrams are made
in Amy and Hipp, long-term aversive memories are also
stored in the mPFC [22]. Therefore, the activity of LC is
central for cognitive processes in mPFC, Amy, and Hipp
brain structures.

While the importance of NE from the LC for optimal
performance of various cognitive tasks is well described,
the exact inputs responsible for adjusting LC activity for
specific cognitive tasks do not have the same level of clar-
ity. The mPFC sends robust projections to the LC, and acti-
vation of these mPFC projections can serve as a strong mod-
ulatory input in the LC. Yet, little is known about the role
of these projections in learning and memory. The present
studies use a detailed circuit-based approach to determine
the participation of the mPFC projections to the LC in var-
ious cognitive activities.

2. Methods
2.1 Animals

Adult outbred male mice, CD1 (cat. 022, Charles
River, Wilmington, MA, USA), 8 to 10 weeks old and av-
erage weight of 30 grams were used in the study. The an-
imals were housed in conventional cages in an AAALAC-
accredited animal care facility and kept at 12:12 h light/dark
cycle with food and water available ad libitum. All ani-
mal work complies with the guidelines set by the IACUC
at Rosalind Franklin University of Medicine and Science,
protocol number T23-10.

2.2 Behavior Tests

All behavior tests were done with mice implanted with
optogenetic fibers attached to a light transmitter. The light
transmitter was off in the control groups and switched on in
the experimental groups, delivering yellow light. Behav-
ioral tests were each separated by three to five days. The
mice were randomly assigned to groups for different tests;
therefore, each mouse had an equal chance to be in the con-
trol or experimental group.

2.2.1 Elevated O-maze (EOM)

Elevated O-maze (EOM) is a continuous circular track
(approximately 10 cm wide and 50 cm above the floor) with
two open areas and two enclosed areas of the track (each 50
cm x 10 cm). Mice were placed in the maze for 5 min-
utes, and the amount of time spent in each arm was video-
recorded. The yellow light transmitter was off in the con-
trol group and was on for the entire time in the experimen-
tal group. Arm entries are defined as placing all four paws
within an arm while the distance traveled was used as an
index of motor activity. The recorded sessions were ana-
lyzed by an automatic video-tracking system (Any-Maze,
Stoelting, Wooddale, IL, USA).

2.2.2 Novel Object Recognition Test (NOR)

The mice were habituated to the testing arena (open
field box for rats) in two 5-minute sessions. During test-
ing, the optogenetic light emitters were attached to the mice
fiber optic cannula implants, and mice were placed in the
testing arena for five minutes with two objects similar in
texture and size but not in color. Objects were smaller than
the mice. Objects were impermeable plastic labware (e.g.,
test tube holders, caps, etc.) that were cleaned and sanitized
between each testing session. Mice were returned to their
home cage for 3 hours and then placed in the testing arena
with one original and one novel object to quantify recogni-
tion memory. The light transmitters were turned on in the
experimental group but remained off in the control animals.
The session was videorecorded and the amount of time in-
vestigating each object (the mouse nose is less than 2 cen-
timeters from the object) was automatically measured by
Any-Maze tracking software (Stoelting Inc., Wooddale, IL,
USA). A discrimination index (DI) expressed as a percent
was used to estimate memory retention (DI = (Timeyoyel —
Timeramitiar )/ (Timenoyel + Timepamitiar) X 100) [23].

2.2.3 Evaluation of Problem-Solving Ability (Puzzle Test)

The Puzzle Test evaluates goal-oriented behavior, re-
lying on natural rodent avoidance of open, bright spaces
[24-26]. We used a simplified protocol based on the Puz-
zle paradigm, combining a five-minute habituation phase
followed by a problem-solving phase with a single obstacle
[3]. The test was conducted in a modified mouse light-dark
box where the dark and the light compartments were con-
nected with a tunnel made of a plastic tube (15 cm long
and 7 cm in diameter). The tube size was chosen to accom-
modate the headgear of the animals. The mice were left
to explore the compartments for five minutes. Next, mice
were briefly removed from the box and a barrier made of
paper, which the mice could easily pull or push out of the
tunnel, was used to block the entrance to the tunnel [26].
The mice were returned to the open, bright compartment,
and the time to remove the barrier and enter the dark cham-
ber was measured. The light transmitters of the experimen-
tal group were on during the problem-solving phase of the
test.

2.2.4 Pavlovian (Cued) Fear Conditioning (FC)

The animals were placed in a commercial condition-
ing apparatus designed for mice (Any-Maze, Stoelting Inc.,
Wooddale, IL, USA). The apparatus is a Plexiglas container
with metal bars making up the floor, a speaker in the wall, a
camera mounted to the ceiling, and changeable walls in dif-
ferent patterns. Mice were habituated to the test box (Box
A) in three separate sessions, each lasting 180 seconds. Test
Box B was placed in a different room with different wall
patterns, grid floor, and cleaning solution for the fear condi-
tioning phase. After three minutes in Box B, the mice were
exposed to an 80 dB, 30-second tone immediately followed
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by a single, two-second 1.5 mA electric shock. The ani-
mals remained in the box for another 2 minutes. Seven days
later, the mice were tested for fear recall in Box A, where
the conditioned stimulus (CS) with duration 30 seconds was
presented three minutes after the mice entered the box. The
mice were left in the box for an additional five minutes.
Any-Maze tracking software (Stoelting Inc., Wooddale, IL,
USA) quantified the animals’ freezing as a percent of the
total time during the conditioning and testing sessions.

Two fear conditioning (FC) tests were performed us-
ing different groups of mice. In the first test, the yellow
light was on during the acquisition phase (Box B) and off
during the recall phase (Box A). In the second FC test, the
light was off during the acquisition (Box B) and turned on in
the recall phase (Box A). The control groups had mounted
headgear, but the light transmitters were off for both phases
of the experiment.

2.3 Stereotaxic Surgeries

Mice were anesthetized with isoflurane (3% induc-
tion and 1-2% for maintenance, catalog number 792632,
Millipore-Sigma, Burlington, MA, USA). After confirming
anesthesia by tail pinch, the mice were placed in the stereo-
tactic frame (Stoelting Inc., Wood Dale, IL, USA) and the
skull was exposed via a midline incision. A 10 pL Hamil-
ton syringe with a stainless-steel 32-gauge needle was low-
ered into the region of interest through an opening drilled
through the skull according to the respective coordinates
from bregma (LC: anteroposterior (AP) — 5.4, lateral &= 0.8
and dorsoventral (DV) — 3.5 mm; mPFC: AP + 1.8, lateral
4+ 0.4 and DV —2 mm; Amy: AP — 1.8, lateral —3.0 and DV
— 4.5 mm; dorsal DG: AP — 2.1, lateral — 1.4 and DV - 2.1
mm). A total volume of 100 to 200 nL of the virus at rate
1 nL/sec, was injected with an infusion pump with the nee-
dle in place for 5 minutes. A similar stereotaxic technique
was used for placing the optic fibers for optogenetic test-
ing. The fibers were secured to the skull with bone screws
and dental cement. The animals were given analgesia (flu-
nixin, 2 mg/kg subcutaneously, Norbrook Inc., Overland
Park, KS, USA) for three days after surgery. The mice re-
mained undisturbed for one to three weeks after the surg-
eries.

2.4 Viruses

For optogenetic silencing of the mPFC-LC pathway,
we used an AAV viral construct (pAAV;-CamKII-ArchT-
GFP, titer >1 x 10'3, cat. number 99039, Addgene, Wa-
tertown, MA, USA) expressing the inhibitory opsin ArchT
[27,28], injected bilaterally into the mPFC (200 nL; AP +
1.8, lateral & 0.4 and DV — 2.0 mm to bregma).

The same stereotaxic procedure was used to trace the
tripartite mPFC — LC — limbic regions circuit. Five mice
of each group were injected with AAV;-hSyn-Cre-WPRE-
hGH (Addgene, 105553) into the right mPFC, with cre-
dependent AAV-pEF1a-DIO-FLPo (Addgene, 87306) into
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the right LC and with flip-dependent AAVg-pEfla-fDIO-
GCaMP6s (Addgene, 105714) into the Amy in one group,
DG in a second group, and mPFC in a third group. The mice
were euthanized 21 days later and brains were sectioned for
analysis. Mice with misplaced injections or lack of signal
were excluded from further analysis. The GCaMP6 (GFP)
labeled cells were counted on three to four non-consecutive
sections throughout the rostro-caudal extent of the respec-
tive structures and averaged per animal.

2.5 Optogenetics

Three weeks after the injection of AAV-ArchT, mice
were implanted in the LC with a fiber optic cannula, bi-
lateral, 250 pm diameter, 4.5 mm long, 6.2 mm distance
center to center, emitting yellow LED light (590 nm wave-
length; Elcom, San Diego, CA, USA). After recovering
from surgery, the mice underwent three habituation ses-
sions with headgear (dummy or functional receivers; Wire-
less receivers, TeleR-1-P, Teleopto, Amuza Inc., San Diego,
CA, USA). ArchT is an inhibitory opsin-driven proton
pump [28] that requires continuous illumination with low-
intensity light [29]. Therefore, to prevent overheating
and avoid tissue damage, we set up our pulse generator
(STOmk-2, Amuza Inc., San Diego, CA, USA) to 10 ms
light pulses with 5 Hz frequency and adjusted the light
intensity to 15 mW at the cannula tip as measured by a
light power meter, LPM-100 (Amuza Inc., San Diego, CA,
USA). Mice with attached headgear were placed in the re-
spective test equipment and the pulse generator was turned
on. In the experimental groups, the light emission con-
tinued for the entire duration of the tests or 5 minutes.
In control groups, the headgear was attached but the light
transmitter switched off. The mice were perfused after the
completion of the experiments to verify fiber optic cannula
placements.

2.6 Brain Tissue Processing

The mice were anesthetized by an injection of sodium
pentobarbital (40 mg/kg i.p., catalog number VEDIII,
Penn Veterinary Supply, Inc., Lancaster, PA, USA). After
confirming mice no longer responded to tail pinch, mice
were transcardially perfused with 20 mL of phosphate-
buffered saline (phosphate-buffered saline, PBS: 10 mM
NayHPO,4, 150 mM NaCl, pH 7.5) containing 0.1% pro-
caine and 100 U/mL heparin followed by 20 mL of 4%
paraformaldehyde (PFA) in PBS as a fixative solution.
The dissected brains were kept in the fixative at 4 °C
overnight. The viral expression was evaluated by GFP fluo-
rescence. The LC cells were visualized by immunostaining
with sheep anti-TH antibody (1:2000; #2027, Phosphoso-
lutions, Aurora, CO, USA). The brain sections were incu-
bated with the primary antibody overnight, followed by in-
cubation with a secondary antibody solution (1:400; Alexa
594 anti-sheep, Jackson ImmunoResearch Inc. West Grove,
PA, USA) for 4 hours at room temperature. Brain sections
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Fig. 1. mPFC efferents cover the pontine tegmentum, including LC proper and peri-LC area. (A) The mPFC efferents expressing
ArchT (green) traverse LC (red) and adjacent dendritic regions on both sides. There is minimal expression in the lateral and ventral
parts of the pons. Arrows indicate fiberoptic tracks. (B) Schematic representation of the placement of the optic fibers. Behavioral data
was collected from twenty-three mice with fiber optic cannula tracks positioned in the yellow areas. Seven animals with placements at
approximately the blue X marks were excluded from analysis. LC proper is highlighted in red. The Nissl-stained coronal brain section
is adapted from “Allen Brain Atlas”, (http://atlas.brain-map.org/atlas?atlas=1&plate=100960184). Abbreviations: 4th, Fourth ventricle;
Br, Barrington nucleus; CG, Central Gray; DTg, Dorsal Tegmental nucleus; LC, Locus Ceruleus; mlf, medial longitudinal fasciculus;
PB, parabrachial nucleus; mPFC, medial prefrontal cortex.
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Fig. 2. mPFC-LC inhibition did not affect anxiety-like behavior but impaired recognition memory and problem-solving behavior.
(A) The control group (light off) and the experimental group (light on) spent a similar amount of time in the open compartments of the
EOM, T-test, p < 0.05. (B) The experimental group spent similar time investigating the novel and familiar object at test relative to the
control group (7-test, p < 0.05), which indicates a lack of novel object discrimination. (C) The experimental group also displayed an
increased latency to remove a barrier and enter the dark compartment in the Puzzle test relative to the control group (7-test, p < 0.05),
an indication for impaired problem-solving ability. * p < 0.05. EOM, Elevated O-maze.

were then mounted and coversliped with medium to prevent ~ way analysis of variance (ANOVA) followed by post hoc
photobleaching during imaging. Leica HD 5500 epifluo-  Tukey’s multiple comparison test with « set at 0.05. The
rescent microscope equipped with a digital CMOS camera  graphic presentations of the results include individual data
(Orca Fusion, Hamamatsu, Japan) was used for imaging. points (n).

2.7 Statistical Analysis 3. Results

Graph Prism 9 (GraphPad Dotmatics, Boston, MA, 3.1 Optogenetic Inhibition of the mPFC Projections to the
USA) software was used for all statistical analysis. T-tests ~ LC Area of Pontine Tegmentum Alters Cognition in Mice

were applied to compare the behavior experiments with the The mPFC regulates visceral and autonomic responses
exception of FC experiments, where the freezing response  via activation of robust projections to the hypothalamus and
during training and testing phases was analyzed with a Two- brainstem centers, including the LC [30]. The role of LC-
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Fig. 3. mPFC-LC inhibition during acquisition or during fear recall similarly reduces CS-elicited freezing. (A) The experimental

group (yellow light on) spent less time freezing in response to the CS than the control group (light off) with mPFC-LC inhibition during

the CS-US pairing at conditioning. The orange column indicates light exposure, Two-way ANOVA, significant for Fear factor, p < 0.001

and Interaction of Fear versus Treatment, p < 0.05; post-hoc, a significant difference between control and experimental group, * p <

0.05. (B) Previously conditioned mice in the experimental group spent less time freezing when compared to the control group during

FC testing (yellow light on). The orange column indicates light exposure, Two-way ANOVA, significant for Fear factor, p < 0.001,

Treatment p < 0.01 and Interaction of Fear versus Treatment, p < 0.05; post-hoc, significant difference between off and on group, ** p

< 0.01. ANOVA, analysis of variance; CS, conditioned stimulus; US, unconditioned stimulus.

NE in general arousal, attention, learning, memory, and
stress is well established. Here, we tested if inhibition of
the mPFC projections to LC would impact similar behav-
iors. The mice were injected bilaterally into the mPFC with
AAV-ArchT-GFP, an inhibitory proton pump, and were im-
planted with fiber-optic cannula capable of delivering yel-
low light to the LC (Fig. 1, Ref. [31]). Mice were first tested
for anxiety-like behavior in the Elevated O-maze. There
was no difference between control (light off; 28.1 4 6.3%)
and experimental (light on; 22.2 + 5.8%) groups for time
spent in the open compartment of the maze (7-test, t;9 =
0.7, p < 0.5; Fig. 2A). Next, the necessity of the mPFC-
LC projections to nonaversive memory was quantified with
novel object recognition memory. The experimental (light
on) group spent much less time investigating the novel ob-
ject, with a DI of 0.5 + 3.1%, relative to the for the control
group (light off), with a DI of 28.4 £ 9.9% (T -test, ty3 =2.5,
p < 0.01, Fig. 2B). Next, the Puzzle test was used to assess
the necessity of mPFC-LC projections to problem solving
ability. Here again, experimental groups (light on, 421 +
59 sec latency average) took longer to cross a tunnel to enter
the dark compartment when compared to the controls group
(light off, 252 + 36 sec latency average; T-test, to; =2.4, p
< 0.05; Fig. 2C).

3.2 Optogenetic Inhibition of the mPFC Projections in the
LC Area of Pontine Tegmentum Decreases CS-Elicited
Freezing of Mice

To further investigate the role of the mPFC projections
to LC in cognition, we optogenetically inhibited mPFC ter-
minals in the LC area during the acquisition of Pavlovian
FC. A week after implantation of the bilateral optic fibers,
mice in the experimental group underwent FC with the yel-
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low light emitter on during the presentation of the CS-US
pairing presentation (Box B). The control group underwent
the same treatment in the absence of yellow light. Seven
days later, both groups were placed in a distinct context
(Box A) and freezing time was assessed between groups
after presentation of the CS. Both groups spent a similar
amount of time immobile during the acquisition period of
the test with the control group (light off; freezing 12 £
3.9%) relative to the experimental group (light on; freez-
ing 15.6 + 5.8%). However, when exposed to the CS, the
experimental group spent much less time freezing (27.1 +
6.9%) than the control group (45.2 £+ 4.6%). Two-way
ANOVA analysis showed a significant main effect for the
Fear factor (F1 24 =30, p < 0.001), and an Interaction (F1 24
= 7.4, p < 0.05), but there was no main effect for Treat-
ment (Fq 24 = 3.1, p > 0.05). The post-hoc comparison
between the two groups showed a significant reduction in
CS-elicited freezing during recall with mPFC-LC inhibition
during FC relative to the control condition (q = 4.5, p <
0.05; Fig. 3A).

In another group, the mPFC-LC pathway was manip-
ulated during the testing session seven days after FC. Anal-
ogous to the previous results, both groups spent a similar
percentage of time freezing during the presentation of the
CS and US (control group freezing 8.9 4= 2.9%, experimen-
tal group freezing 6.3 + 1.8% average). However, during
the recall session, the experimental group (light on, 14.4
+ 4.8% average CS freezing) spent significantly less time
freezing than the control group (light off, 38.3 &= 5.4% aver-
age CS freezing). Two-way ANOVA analysis showed a sig-
nificant main effect for Fear factor (F; 24 =19.6, p < 0.001),
a main effect for Treatment (F1 24 = 9.9, p < 0.01), and an
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Interaction (Fq 24 = 6.3, p < 0.05). The post hoc compari-
son revealed significant difference during CS-elicited freez-
ing with mPFC-LC pathway inhibition (q = 5.6, p < 0.01;
Fig. 3B).

3.3 The mPFC Efferents Innervate LC Neurons that Supply
NE to the Amy, DG and mPFC

The LC is composed of discrete neuronal subpopula-
tions that deliver NE to distinct brain regions [7,32]. In
our last experiment, we used anterograde transsynaptic tag-
ging to trace the anatomical pathways [33] from mPFC
to limbic structures that are functionally involved in cog-
nition. AAV;-cre virus initiated the tracing followed by
cre-dependent and flip-dependent viral constructs injected
into the LC and DG, Amy and mPFC respectively. This
mapped the tripartite circuit of synaptically connected neu-
rons from mPFC to LC and from LC to either the DG,
Amy, or mPFC. Separate groups of mice were stereotaxi-
cally injected with AAV;-hSyn-Cre-WPRE-hGH into the
mPFC, cre-dependent AAVg-pEF1a-DIO-FLPo into the LC
and flip-dependent AAVg-pEfla-fDIO-GCaMP6s into the
DG, Amy, or mPFC. The experimental design requires the
cre to be postsynaptically transferred from the mPFC pro-
jections to LC, where it will activate the expression of FLPo
in LC cells. The second-order neurons that connect LC to
DG, Amy, or mPFC will deliver FLPo transynaptically to
the 3rd order neurons, which are transfected with the flip-
dependent virus AAV-GCaMP6s. The 3rd-order neurons
that receive direct synaptic input from LC will express GFP;
hence, the efferent end of the circuitry will be visualized by
the GFP signal in the DG, Amy, and mPFC (Fig. 4). The
analysis of the brain sections revealed that the neurons ex-
pressed the AAV-GCaMP6s virus in all three targeted brain
areas but the number of GFP-expressing cells was differ-
ent in each structure. The DG expressed an average of 50
4 9 GFP cells distributed between the gyrus’s two blades,
the dorsal blade expressed an average of 59 + 11, and the
ventral blade expressed an average of 41 + 6 GFP labeled
cells (Fig. 5A). Occasional (1 to 4 GFP cells) were also ob-
served in the hippocampus’s pyramidal cell layer of field
of the hippocampus (CA1). The neurons in various nuclei
of the Amy were also labeled with GFP; 25 4+ 4 GFP cells
were expressed in the lateral nucleus (LA), 31 = 5 GFP cells
were counted in the basolateral nucleus (BLA) and 65 + 8
GFP cells were found in the central nucleus (CeA). The to-
tal average number of GFP positive cells was 40 =+ 6 for the
entire Amy (Fig. 5B). The mPFC showed the lowest num-
ber of GFP-expressing cells found exclusively in the ante-
rior cingulate cortex (ACC) subdivision of the mPFC with
an average of 4 + 2 GFP-labeled cells (Fig. 5C). These re-
sults support the hypothesis that mPFC activity can directly
modulate the activity of LC neurons that project to limbic
regions with a regulatory role in cognitive functions.

Fig. 4. A diagram depicting the tripartite circuits that was re-

vealed by anterograde transsynaptic cre and flip transfer. In-
jection of the anterograde tracer AAV;-hSyn-Cre (green, 1st order
neuron) into the mPFC activated the cre-dependent anterograde
tracer AAVo-pEF1a-DIO-FLPo (red, 2nd order neuron) injected
into LC, which in turn, activated flip-dependent AAVg-pEfla-
fDIO-GCaMP6s (white, 3rd order neuron), injected respectively
into the DG, Amy or mPFC in different groups of mice. DG,
mPFC-LC-dentate gyrus; Amy, mPFC-LC-amygdala.

4. Discussion

Our results demonstrate direct involvement of the
mPFC-LC neuronal projections in learning and memory
processes. While optogenetic inhibition of the mPFC ef-
ferents in the pontine area of LC did not affect the gen-
eral anxiety-like behavior, inhibition of the mPFC efferent
fibers impaired object recognition memory, problem solv-
ing behavior, as well as CS-elicited freezing regardless of
mPFC-LC inhibition during FC or testing. The collective
behavioral data is supported by the results of our antero-
grade tracing experiment, which established continuous cir-
cuits from mPFC via LC to Amy, DG, and back to mPFC.

LC activity and NE release in the mPFC are pivotal in
human cognitive control [34], and primate studies demon-
strate an important role for the mPFC in tuning LC activity
for optimal performance of a specific task [4]. This mPFC
tuning of LC activity is critical, as the literature describes an
inverted U-curve relationship between NE release and cog-
nition, where either NE deficiency or excess hinders cog-
nitive functions [4]. The different affinity of mPFC adren-
ergic receptors for NE is responsible for the dependence of
cognitive performance on NE levels [35]. While too much
NE release is associated with elevated anxiety levels, low
NE levels lead to decreased arousal and attention. The re-
sults of our study align with the concept that the mPFC pro-
jections to LC are an essential regulatory element for opti-
mal performance in a variety of cognitive tasks.

Pavlovian fear conditioning depends on an intercon-
nected triad of brain structures composed of mPFC, DG,
and Amy, where the LC activity and NE release into the
triad is central for the acquisition, consolidation, and ex-
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Fig. 5. Third-order GFP labeled neurons were expressed by different limbic structures demonstrating continuous, tripartite
circuits connecting mPFC to LC and LC to DG, Amy, and mPFC. (A) GFP-labeled cells occupy both blades of the DG, (B) lateral
(LA), central (CeA), and basolateral (BLA) subnuclei of the Amy, and (C) the anterior cingulate cortex (ACC). Abbreviations: CAl,
field of the hippocampus; PrL, prelimbic cortex; GFP, GCaMP6.

pression of aversive memories, for review see [36]. Both
physical and psychological stressors activate LC with sub-
sequent increased release of NE in Amy [17]. The auditory
and nociceptive pathways that convey CS and US informa-
tion converge onto the Amy and can trigger LTP and synap-
togenesis, the basic mechanisms for associative learning,
which are supported by optimal NE release [11,14]. Inter-
estingly, while most studies find that NE release into the
Amy is critical for learning and memory processes, some
studies find that NE is unnecessary for acquiring and con-
solidating aversive memories [37,38]. The general expla-
nation for this discrepancy is insufficient NE release, which
strongly depends on stressor severity [39]. Only high-stress
levels assure adequate activation of LC, which then deliv-
ers optimal NE in the Amy required for the acquisition of
the fear association [39]. The selection of a single, high-
intensity electric shock in our FC protocol is based the de-
gree of fear expressed in response to the foot shock intensity
[40,41] equivalent to the degree of fear expressed to three
weaker shocks [42]. We have shown that this protocol with
a single but strong electric shock creates a longlisting fear
response in mice [43]. Because LC activation depends on
the strength of the foot shock [44], we believe that our sin-
gle, strong US sufficiently activated LC to levels necessary
for emotional augmentation of fear learning. This is sup-
ported by a reduction in freezing at test during CS presen-
tations with inhibition of the efferents from the mPFC to
LC. These results suggest a critical role for modulation of
NE release by the LC via direct mPFC inputs in memory
processes.

The initial fear engrams are created in the mPFC, Hipp
and Amy but over time, only the engrams in the mPFC and
Amy remain active upon recall [22,45]. The storage of re-
mote fear engrams in the mPFC may explain the results re-
ported here, such that inhibition of the mPFC-LC projec-
tions may reduce the effect of fear engrams stored in the
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mPFC. This would therefore diminish the LC response to
CS presentations and the accompanied expression of asso-
ciative fear.

An important methodological shortcoming of our
study is the need for direct evidence for changes in NE re-
lease in the targeted structures after inhibition of mPFC-
LC neuronal projections. A detailed assessment of NE re-
lease in the limbic system after inhibition of the mPFC pon-
tine efferents is our next step in this investigation. For
now, the continuous tripartite neuronal circuits between the
mPFC, LC, and Amy/DG/mPFC described here provide an
anatomical pathway by which the mPFC may regulate NE
release in the limbic system. The relatively small number of
GFP-labeled neurons in observed in our experiment may be
due to few synaptic contacts among targeted cells and NE
efferent fibers, where NE released from free axonal endings
exert effects via volume transmission [46,47].

In summary, the study demonstrated the existence of
continuous axonal pathways from the mPFC to the Amy,
DG, and back to the mPFC via the LC. The mPFC-LC cir-
cuit is employed in distinct cognitive processes, such as
learning, long-term memory, and problem-solving behav-
ior, where mPFC regulation of LC activity is essential for
optimal tuning of the NE release in the execution of mem-
ory tasks or solving a problem. In addition, this circuit is
likely activated by intense stressors and participates in cre-
ating robust aversive memories by mPFC-mediated modu-
lation of LC activity. This work may have far reaching im-
plications for further investigation into the possible role of
mPFC-mediated NE release in Post-Traumatic Stress Dis-
order (PTSD), obsessive ruminations, memory loss, and
other cognitive impairments.

5. Conclusions

In mice, the mPFC projections to LC are essential for
optimal performance of cognitive tasks.
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