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Locus Coeruleus Phasic, But Not Tonic, Activation Initiates
Global Remapping in a Familiar Environment

Stephanie L. Grella,' Jonathan M. Neil,? Hilary T. Edison,> Vanessa D. Strong,” Irina V. Odintsova,' Susan G. Walling,’
Gerard M. Martin,”> ©Diano F. Marrone,' and “Carolyn W. Harley>
"Department of Psychology, Wilfrid Laurier University, Waterloo, Ontario N2L 3C5, Canada, and 2Department of Psychology, Memorial University of
Newfoundland, St. John’s, Newfoundland A1B 3X9, Canada

Locus coeruleus (LC) neurons, the source of hippocampal norepinephrine (NE), are activated by novelty and changes in environmental
contingencies. Based on the role of monoamines in reconfiguring invertebrate networks, and data from mammalian systems, a network
reset hypothesis for the effects of LC activation has been proposed. We used the cellular compartmental analysis of temporal FISH
technique based on the cellular distribution of immediate early genes to examine the effect of LC activation and inactivation, on regional
hippocampal maps in male rats, when LC activity was manipulated just before placement in a second familiar (A/A) and/or novel
environment (A/B). We found that bilateral phasic, but not tonic, activation of LC reset hippocampal maps in the A/A condition, whereas
silencing the LC with clonidine before placement in the A/B condition blocked map reset and a familiar map emerged in the dentate gyrus,
proximal and distal CA1, and CA3c. However, CA3a and CA3b encoded the novel environment. These results support a role for phasic LC
responses in generating novel hippocampal sequences during memory encoding and, potentially, memory updating. The silencing
experiments suggest that novel environments may not be recognized as different by dentate gyrus and CA1 without LC input. The
functional distinction between phasic and tonic LC activity argues that these parameters are critical for determining network changes.
These data are consistent with the hippocampus activating internal network representations to encode novel experiential episodes and
suggest LC input is critical for this role.
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Burst activation of the broadly projecting novelty signaling system of the locus coeruleus initiates new network representations
throughout the hippocampus despite unchanged external environments. Tonic activation does not alter network representations
in the same condition. This suggests differences in the temporal parameters of neuromodulator network activation are critical for
neuromodulator function. Silencing this novelty signaling system prevented the appearance of new network representations in a
novel environment. Instead, familiar representations were expressed in a subset of hippocampal areas, with another subset
encoding the novel environment. This “being in two places at once” argues for independent functional regions within the hip-
pocampus. These experiments strengthen the view that internal states are major determinants of the brain’s construction of
environmental representations. j

fSigniﬁcance Statement

circuits, Bouret and Sara (2005) proposed “phasic activation of
noradrenergic neurons of the locus coeruleus (LC) in time with

Introduction
Inspired by evidence from invertebrates that neuromodulators

act to enhance adaptive behavior by rapidly reorganizing neural
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cognitive shifts could provoke or facilitate dynamic reorganiza-
tion of target neural networks, permitting rapid behavioral adap-
tation to changing environmental imperatives.”

Here we examined projections from the LC, a structure in-
volved in vigilance and novelty detection, to the hippocampus
(HPC), which is proposed to play a major role in forming envi-
ronmental representations (Hirsh, 1974; O’Keefe and Nadel,
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1978). Dynamics of ensemble encoding here may provide insight
into mnemonic processes driving cognition and behavior. Rela-
tively stable, these representations are reactivated when placed in
a familiar environment; however, new spatial information creates
conditions conducive to synaptic modification (Wilson and Mc-
Naughton, 1993). These representations must be malleable to
truly exhibit adaptive behavior and an inability to integrate new
information into the code may play a role in the etiology of post-
traumatic stress disorder, a disorder characterized by a dysfunc-
tional norepinephrine (NE) system (Hendrickson and Raskind,
2016).

Bouret and Sara’s (2005) “network reset” hypothesis suggests
that focused task performance is associated with low tonic LC
activity with phasic burst activation occurring during behavioral
shifts. Bursts occur when novel stimuli are encountered, with
salient environmental changes, and with preparatory signals
when new behavior is required (Bouret and Sara, 2005). De-
creased LC firing reduces both behavioral and neural transitions.
We have shown two HPC changes with glutamatergic LC activation
(Brown et al., 2005): (1) increased theta power and (2) silencing of
feedforward dentate gyrus (DG) interneurons. Glutamatergic LC
activation also promotes HPC plasticity (Walling and Harley,
2004). Therefore, our in vivo data are consistent with LC network
reset, with phasic activation suggesting adaptive promotion of
novel encoding sequences for new episodes and updating of
earlier sequences. Tonic activation also increases NE, and in
the Bouret and Sara (2005) account, may also trigger reset.

Wagatsuma et al. (2018) revealed a crucial LC role in creating
spatial representations by optogenetically silencing LC cell bodies
and LC fibers in CA3 during the first experience in a new envi-
ronment. Calcium imaging demonstrated that stable spatial
maps did not form if LC input to CA3 was silenced during novel
context exposure. Consistent with this, animals demonstrated
behavioral impairments. We sought to determine how phasic and
tonic LC activation shapes hippocampal contextual representa-
tions by activating LC during the second, rather than the first,
environmental encounter and asked whether this produces an
internal novelty signal, despite stability of external input, thus
initiating remapping. We pharmacologically activated the LC im-
mediately before the second exposure to a familiar environment
(to induce remapping) and inactivated the LC before entering a
second novel environment (to block remapping).

We used cellular compartmental analysis of temporal FISH in
six hippocampal subregions. First (Experiment 1), we replicated
effects of familiar (A/A) and novel (A/B) environmental expo-
sures on immediate early gene (IEG) map profiles (Guzowski et
al.,, 1999). These profiles were used as templates for categorizing
familiar and novel maps. Initially, we induced phasic LC activa-
tion ipsilaterally using unilateral glutamate infusions before
placement in the second environment. Next (Experiment 2), we
bilaterally infused phasic or tonic LC activators using only the
A/A condition such that the second environment should be
mapped as familiar unless the LC salience signal led to remap-
ping. Finally (Experiment 3), we inactivated the LC bilaterally
with clonidine and examined representations in both novel and
familiar second environments.

Materials and Methods

Animals. Male Sprague Dawley rats (Experiment 1) from the Vivarium
Breeding Facility (Memorial University of Newfoundland) or male Lon-
g—Evans rats (Experiments 2 and 3) from Charles River Quebec were
obtained at 2 months of age. Rats were kept on a reverse 12:12 h light/
dark cycle with ad libitum access to food and water. Each rat was handled
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for 15 min/d for 6 d under red light. All handling for Sprague Dawley rats
occurred before surgery, whereas Long—Evans rats were given 2 d of
handling before surgery and then 4 d following surgery. Sprague Dawley
rats were undisturbed for the 4 postsurgical days. Behavioral handling,
surgery, and testing were performed by the same individual(s) for a given
experiment: Experiment 1, H.T.E.; Experiment 2, J.M.N., Experiment 3,
V.D.S./S.L.G. The results reported are based on data from a total of 81
experimental animals. All procedures were approved by the Memorial
University Institutional Animal Care Committee and performed in ac-
cordance with the guidelines of the Canadian Council on Animal Care.

Cannulae implantation and drug microinjections. Animals were anes-
thetized with a chloral hydrate solution (1 ml of 40 mg/ml/100 gi.p.) for
Experiment 1 or, for Experiments 2 and 3, with 5% isoflurane and 70%
oxygen (for induction) with maintenance at 2%-3% isoflurane. An in-
jection of meloxicam (0.25 mg/ml at 0.2 mg/kg, s.c.) was administered
for analgesia. Aseptic surgeries were performed stereotaxically with skull
flat. A unilateral 26-gauge cannula (7.7 mm, Plastics One) was directed at
the left LC in Experiment 1 for glutamate-infused rats. Bilateral cannulae
were implanted in Experiments 2 and 3 for control and drug infusions.
LC coordinates were anteroposterior —11.8 mm, mediolateral =1.3 mm,
relative to bregma, dorsoventral —5.5 mm from dura). Cannulae were
angled 20 degrees posterior from the vertical plane. Obdurators that
extended 1 mm below the pedestal were screwed into the cannulae to
ensure patency.

Testing began 4 d after surgery. For Experiments 1 and 2, L-glutamate
(GLUT, 500 mm in Experiment 1; 200 mm in Experiment 2) was used for
phasic activation. Glutamate produces a brief 300—-500 ms increase in LC
firing followed by several minutes of LC silence (Harley and Sara, 1992).
Baseline levels of firing reappear after this silence. There is no evidence of
rebound excitation. Unilateral glutamate has previously been shown to
initiate NE-mediated LTP of perforant path input to the ipsilateral DG
(Harley, 2007; Reid and Harley, 2010) and a transient silencing of feed-
forward interneurons (Brown et al., 2005). This unilateral NE-LTP also
occurs in awake rats (Walling and Harley, 2004). These effects of in-
creased network plasticity and transient disinhibition support a model of
changing network configurations in the DG. Therefore, we predicted that
unilateral glutamate LC activation before placement in a familiar envi-
ronment would result in global DG remapping in Experiment 1. Me-
chanical injector insertion in LC has also been shown to massively
activate LC (Stone et al., 1995), but we have not previously tested this
condition in plasticity experiments. We have also not tested unilateral
glutamate LC effects in pyramidal cell regions.

In Experiment 2, all drugs were delivered bilaterally, and three tonic
activators were chosen in addition to the phasic activator, glutamate:
(1) the cholinergic muscarinic receptor activator, bethanechol (BETH,
5 mm), (2) the orexinergic activator, orexin A (ORX-A, 100 nm), and
(3) corticotropin releasing factor (CRF,100 nm). Each has been shown to
induce increases in LC neuronal firing in previous reports as follows: For
BETH, the maximal increase to an infused bolus occurs in the first
postinfusion minute, which is sustained for 2-3 additional minutes and
then gradually declines to baseline over 10—15 min (Berridge and Foote,
1991). For ORX-A, bolus LC ORX-A infusions similar to those used here
produce an indirect index of LC firing, muscle tone facilitation, within 3
min of infusion, that is sustained for 9 min. Fourth ventricle ORX-A
activates both LC firing and muscle tone facilitation (Kiyashchenko et al.,
2001). We have also shown that this bolus LC ORX-A infusion increases
hippocampal NE for 10 min after infusion (Walling et al., 2004). CRF
bolus microinfusions maximally increase firing during, and for several
minutes after infusion, with activation gradually declining over 30 min
(Curtis et al., 1997).

In Experiment 2, due to freezer failure, pyramidal cell sections for each
of three brains were lost for analysis.

For Experiment 3, clonidine (3.75 mm) was used to silence the LC.

All drugs were dissolved in a 1% methylene blue solution made up
with aCSF (147 mm NaCl, 3 mm KCl, 1 mm MgCl,, and 1.3 mm CaCl,) in
sterile water to permit localization of the infusions. Infusions were 200
nl/side for all drugs, except CRF, for which 300 nl/side was used. Infu-
sions were made using Hamilton gas tight syringes connected to 33 gauge
injector cannulae that extended 1 mm below the outer cannulae.
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Ipsilateral phasicactivation of LCresets a familiar spatial map in DG. 4, Timeline and experimental protocol. Environment (box) “A” with black curtain surround and dim lighting in Room

A. Environment (box) “B” with no curtain in bright Room B. B, LC infusion target and example of infusion spread in LC. C, Hippocampal subregions analyzed for mRNA IEG expression. DGS, DG
suprapyramidal; CA3a— ¢, CA1 proximal and distal. D, Categorization of IEG loci for cell counts. N, negative; F, foci; C, cytoplasm; D, doubles; G, glia (not counted). £, DGS: a greater number of doubles
compared with singles observed in the AA NO GLUT group. F—J, In all other hippocampal subregions, canonical [EG patterns for familiar and novel spatial maps (NO GLUT A/A and A/B) were
maintained; however, ipsilateral LC glutamate (GLUT A/A) did not induce a map reset in these areas. *p << 0.05, ***p < 0.001. Red represents phasic activator.

Experimental design. A 63 cm X 63 cm X 35 cm wooden box with black
walls and a white floor divided into nine equal sections was placed on a
pedestal in a dimly lit room and was surrounded by black curtains. This
comprised the “A” environment. The “B” environment was in a different
brightly lit room without curtains. The wooden box was the same size,
but the floor was black and there were 8 inch X 10 inch sheets of vertical
black-and-white bars on the four walls (Fig. 1). For both A and B envi-
ronments, rats were placed in the center to begin and then gently moved
randomly to another section of the floor every 15 s to ensure the envi-
ronment was sampled equally over a 5 min period. After the first open
field exposure (Environment A), rats were returned to the colony room
for 20 min and then brought back to Environment A (A/A) or taken to
Environment B (A/B) and given the treatment appropriate to their group
assignment immediately before their second open field placement in
Environment A or B. LC infusions took place just outside the open field
over a 30 s period, and the injectors were left in place for another 60 s
before removal and placement of the animal in its second open field
environment. Open field boxes were wiped with 70% ethanol between
rats. Immediately following the second 5 min environmental exposure,
rats were briefly anesthetized with isoflurane, decapitated, and brains
quickly extracted (<2 min). Brains were blocked with the brainstem
separated from the forebrain. Both pieces were flash frozen in isopentane
and placed at —80°C to preserve the integrity of IEG mRNA. Forebrain
blocks were packaged in dry ice and shipped to Wilfrid Laurier University
for IEG processing. Brainstem blocks were sectioned at Memorial Uni-

versity to verify LC localization of drug delivery (Fig. 1B). Only positive
hits are reported. A home cage control (CC) condition (n = 9) sacrificed
from the home cage was used as a negative control and a maximal elec-
troconvulsive shock condition (Experiment 1, n = 5; Experiment 2, n =
7; Experiment 3, n = 1; data not shown, not included in total number of
experimental animals), served as a positive control for IEG signaling
during in situ hybridization and confocal processing for all experiments,
which were run at Wilfrid Laurier University.

For Experiment 1, IEG data were obtained from 6 normal rats for A/A
and 6 for A/B as well as 9 CCs that were left undisturbed until death. For
unilateral LC glutamate, IEG data were obtained for DG, CA1, and CA3
from 7 brains that received unilateral LC glutamate before A/A, and 5
that received LC glutamate before A/B (Fig. 1A). Total cells counted for
each area from rats given open field exposure did not differ across con-
ditions. For Experiment 2, all behavioral conditions were A/A (Fig. 2A);
for injector controls, which had infusion cannulae inserted, with or with-
out aCSF infusion, DG, n = 10; CA1, n = 8; CA3, n = 7; for the bilateral
glutamate infusions, for all regions n = 6; for BETH, ORX-A, and CRF
infusions, n = 5 each for DG and n = 3 each for CA1 and CA3. Experi-
ment 2 included an experimental CC group (n = 5) that were moved
through nine home cage sections every 15 s for 5 min to match the
handling protocol of the experimental open field conditions. This was
done in the colony room. There were no differences in total cells counted
for each region across these conditions. In Experiment 3, animals were
tested on both A/A (n = 5 for DG and n = 3 for CA1 and CA3) and A/B
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Figure 2.

Bilateral phasic, but not tonic, activation of LC resets familiar maps in CAT and CA3. A, Protocol for the bilateral infusion experiment using only the A/A condition. B, DGS. There were no

significant group differences in IEG loci patterns. This supports the hypothesis that the treatments, all of which generate LC activation, may lead to novel maps being generated in a familiar
environment for DGS. €@, Contrary to the original prediction for the network reset hypothesis with respect to tonic activation, for the pyramidal cells in CAT and CA3, only bilateral phasic LC
activation with glutamate altered the familiar map profile, creating a global reset. All other conditions, including the three tonic activator infusions, were associated with more doubles than singles.
These results argue that the DGS remaps with both tonic and phasicincreases in LCactivity, whereas CA3 and CAT show a clear distinction between tonic LCincreases, with no remapping, and phasic
LC-NE increases that reliably evoke global remapping. *p << 0.05, **p << 0.01, Red represents phasic activator. Blue represents tonic activator.

(n =7 for DG, CAl, and CA3) conditions (Fig. 3A). The total cell counts
did not differ for DG, but for pyramidal cells, total cell numbers were
larger in the A/A than A/B in A/B condition (mean = SEM; A/A CAl,
91.4 £3.9;A/BCAL,71.2 £2.2;CA3 A/A,77.4 = 3.65; A/B,64.7 = 1.54).
These differences do not alter the interpretation of results.

FISH. FISH was performed as previously described (Guzowski et al.,
1999). Briefly, full-length Arc riboprobes were synthesized using a com-
mercial transcription kit (MaxiScript; Ambion) and RNA labeling mixes
(Roche Diagnostics), verified by electrophoresis. Slides were thawed to
—20°C overnight and then to room temperature 1 h before processing.
They were fixed in 4% formaldehyde (5 min), washed in 2X saline-
sodium citrate (SSC) (2 min), and treated with 0.5% acetic anhydride (10
min). Next, they were dipped in deionized water, placed in a methanol/
acetone (1:1) solution (5 min), and in 2X SSC (5 min). Slides were then
incubated with prehybridization buffer (Sigma-Aldrich) for 1 h at room
temperature and then overnight (1618 h) at 56°C with riboprobe mixed
in hybridization buffer (100 ng per slide). The following day, the tissue
was treated with a series of 2X SSC washes and then in an RNA-ase A/2X
SSC solution (10 mg/ml) at 37°C for 30 min. This was followed by a series
of 0.5X SSC washes, including 30 min at 55°C. Endogenous peroxidases
were then quenched with a 2% H,0, (in 1X SSC) solution. The tissue
was blocked with TSA blocking buffer (PerkinElmer) containing normal
sheep serum (0.5%), and incubated with anti-digoxigenin-HRP anti-
body (Roche Diagnostics) in TSA blocking buffer (1:400) for 2 h at room
temperature. Slides were washed in 0.1 m Tris-buffered saline with 0.05%
Tween 20, and HRP antibody conjugates were detected using CY3 (TSA
kit, PerkinElmer, catalog #NEL704A001KT, RRID:AB_2572409). The fi-

nal step involved counterstaining the nuclei with DAPT (Sigma-Aldrich),
sealing with buffered glycerol (with antifade) and coverslipping. Slides
were then placed in the fridge for storage.

Image acquisition and analysis. Images were collected from coronal
sections of the HPC (range: anteroposterior —2.5 to —4.2) relative to
bregma (Paxinos and Watson, 2013), including the suprapyramidal
blade of the DG, the CA1 medial (CA1 distal) and lateral (CA1 proximal)
regions, and the CA3a, CA3b, and CA3c subregions (Fig. 1C), using an
Olympus FV1000 confocal microscope at 40X magnification. We de-
cided not to look in detail at the infrapyramidal blade of the DG because
in Experiment 1 we only found environmentally specific IEG expression
in the suprapyramidal blade as reported by others (e.g., Chawla et al.,
2005; Marrone et al., 2014; Gheidi et al., 2013). For Experiment 1, for
each animal, two z stacks (~1.0 wm optical thickness, step size 0.8 wm)
were collected from 2 or 3 different slides yielding 4—6 total stacks per
region, and images were collected only from the left hemisphere. For
Experiments 2 and 3, one zstack (~1.0 wm optical thickness, step size 0.8
pm) was collected from each hemisphere on 2 or 3 different slides yield-
ing 46 total stacks per region. Data from each hemisphere were then
pooled. For the DG, images on the first slide were taken from the region
closest to the geniculate; on the second slide, images were taken from the
region farthest from the geniculate; and on the third slide, images were
taken in the middle ensuring that the entire DG was sampled. For each
slide, acquisition parameters were kept constant. The median 20% of
neurons in each stack was quantified using MetaMorph software (Meta-
Morph Microscopy Automation and Image Analysis Software, RRID:
SCR_002368). Neurons and glial cells were differentiated by size and
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LCinactivation results in familiar map generation in a novel environment for DGS and CA1. A, Protocol for LC inactivation using bilateral clonidine. B—G, We predicted similar profiles

for A/A.and A/B conditions resulting from LCinactivation prevention of novelty encoding, which we found for DGS and CA1, and CA3c, but not for CA3a and CA3b. Silencing the LCin the A/A condition
would not be expected to alter the already formed A representation because the LCis not normally activated in familiar environments. The familiar “A” map in the A/A condition was demonstrated
in CA3 and CA1. In the DGS condition, there were increased doubles, but also increased IEG foci. We found that LCsilencing effects differed depending on the hippocampal subregion. The familiar “A”
map was reactivated in DGS and CA1 in the novel environment, but not in CA3a or CA3b, where the representations reflected a novel map. This argues that internal state (LC activation) is required
for the generation of a new map in the presence of changed external input in DGS and CA1, but not in CA3a or CA3b. *p << 0.05, **p << 0.01, ***p << 0.001. Green represents LC inhibitor.

patterns of chromatin staining, and neurons in the CA1 and CA3 were
classified as Arc-negative (neg), Arc-positive within the nucleus (foci), or
Arc-positive within the cytoplasm (cyto). Cells with IEG expression in
any of these compartments is considered a single-labeled cell, and com-
pared with those that are Arc-positive within both the nucleus and the
cytoplasm (double) (Fig. 1D). For the DG, Zif268 was quantified instead
of Arcbecause Arc undergoes sustained transcription in the DG following
context exposure (Ramirez-Amaya et al.,, 2013; Maple et al., 2017).
Within each animal, an average of 1143 = 74.66 granule cells were
counted in the DG, 454.93 * 44.25, 429.41 * 59.37, and 488.62 * 63.77
pyramidal cells were counted in the CA3a—c, respectively, and 543.95 =
37.67 and 530.86 = 38.99 pyramidal cells were counted in the CA1 prox-
imal and distal regions respectively. Cells Arc- or Zif268-positive in the
cytoplasm were engaged in transcription 30 min before decapitation,
whereas cells Arc- or Zif268-positive in the nucleus were engaged in
transcription 5 min before. Doubles were engaged in transcription at
both time points.

Statistical analyses. Calculated statistics are presented as mean * SEM.
To analyze differences, we used repeated-measures two-way ANOVAs
[Group (between-subject factor) X IEG loci (within-subject factor)].
Follow-up comparisons (one-way ANOVAs) and post hoc analyses
(Tukey’s HSD) captured differences in the patterns of IEG loci. Compar-
isons between the percentage of doubles against chance were also done
using two-way repeated-measures ANOVAs [Group (between-subject
factor) X Doubles vs Chance (within-subject factor)], and finally total
IEG counts were conducted the same way [Group (between-subject fac-

tor) X Epoch 1 vs Epoch 2 (within-subject factor)]. Each sample is based
on data from 1 rat.

Results

Ipsilateral phasic activation of LC resets a familiar spatial
map in DG

As mentioned, forebrains were only analyzed for positive infu-
sions, defined as methylene blue dye in LC or its dendritic region.
The actual spread of the 0.2 ul bolus infusions was estimated in a
subset of 10 rats (medial lateral spread = 642 * 72.7 um; ante-
rior—posterior spread = 690 = 86.2 um). Track damage and the
adjacent fourth ventricle precluded accurate dorsal-ventral esti-
mates. An illustrative example of methylene blue spread is seen in
Figure 1B.

In DGS, unilateral LC glutamate reset of the ipsilateral IEG
map in the A/A condition was evidenced by absence of a familiar
map profile, significantly more doubles (cyto and foci positive
neurons) than singles (cyto only or foci only positive neurons)
(Fig. 1E). In A/A and A/B controls, we replicated the canonical
IEG pattern of a familiar map with more doubles than singles for
the A/A condition (Guzowski et al., 1999; Skinner et al., 2014;
Carasatorre etal., 2015) (Fig. 1E). Overall, there was a main effect
of IEG loci with more doubles than singles observed (and a sig-
nificant interaction, Fgss) = 5.362, p = 0.00005; two-way
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repeated-measures ANOVA). As expected, a greater number of
doubles compared with singles were seen in the A/A group (NO
GLUT) where animals visited the same context twice (F, o) =
25.07, p = 0.000127; one-way ANOVA). Animals in the A/A
condition that were given ipsilateral glutamate LC did not show
this pattern in DGS (F 5y = 1.343, p = 0.286; one-way
ANOVA). Therefore, ipsilateral LC glutamate activation was able
to reset the DGS map in a familiar environment.

When animals traverse two unfamiliar or novel environ-
ments, doubles are typically similar to, or significantly less than,
the number of singles as seen for A/B (NO GLUT) animals (Fig.
1E). LC activation would normally occur in a novel environment;
thus, no effect of ipsilateral LC glutamate was predicted in the
A/B condition, and no differences were observed (Fig. 1E). In all
other hippocampal subregions, canonical IEG patterns for famil-
iar and novel spatial maps (NO GLUT A/A and A/B) were main-
tained; however, ipsilateral LC glutamate (GLUT A/A) did not
induce a map reset in these areas (Fig. 1F-J). For CA3a—c, there
was a significant Group X IEG Loci interaction (CA3a: Fg 56y =
11445, p = 1.89147698¢-9; CA3b: Fgss = 31.571, p =
2.4721603e-10; CA3c: Fgssy = 8.24, p = 0.000; two-way
repeated-measures ANOVA). Follow-up comparisons showed
more doubles than singles in the NO GLUT A/A group (CA3a:
Fino) = 49.47, p = 0.00000652; CA3b: Fpy,0) = 64.0, p =
0.0000020; CA3c: F, 14y = 5.85, p = 0.021; one-way ANOVAs),
and in the LC GLUT A/A group (CA3a: F, ;,) = 11.06, p = 0.002;
CA3b: Fy, 1) = 23.79, p = 0.00006676; CA3c: Fs 15, = 19.92,p =
0.00015385; one-way ANOVAs), both indexing a familiar envi-
ronment. Thus, ipsilateral LC glutamate does not reset CA3
maps, although doubles were lower for the LC GLUT A/A condi-
tion than the NO GLUT A/A condition across the 3 subregions.

In CA1, there was also no evidence of global reset with ipsilat-
eral LC activation. Similarly, there was a significant Group X IEG
Loci interaction in proximal CA1 (Fg 56 = 18.95,p = 2.11e %)
and in distal CAl (Fg5, = 43.16, p < 2.11e”"). Follow-up
comparisons showed a higher proportion of doubles compared
with singles in the NO GLUT A/A (proximal CA1: F, 4, = 98.50,
p = 0.00000026; distal CA1: F, ;o) = 412.21, p = 2.4721603e '
one-way ANOVAs) and LC GLUT A/A groups (proximal CA1l:
Fip.12) = 148.72, p = 3.40117301¢ % distal CA1: F, ,,) = 61.25,
p = 0.00000050; one-way ANOVAs).

Bilateral phasic, but not tonic, activation of LC resets familiar
maps in CAl and CA3

Contrary to the original prediction for the network reset hypoth-
esis with respect to tonic activation (Bouret and Sara, 2005), for
the pyramidal cells in CA1 and CA3, only bilateral phasic LC
activation with glutamate altered the familiar map profile, creat-
ing a global reset. All other conditions, including the three tonic
activator infusions, were associated with more doubles than sin-
gles (Fig. 2C-G). For proximal CAl, each of the tonic activators
was associated with familiar map profiles, whereas in distal CA1,
the BETH profile was marginal while the other two tonic activa-
tors produced clear familiar profiles (Fig. 2C,D). In both CA3 and
CAl, bilateral glutamatergic phasic LC activation was associated
with a map reset.

Significant Group X IEG Loci interactions were revealed in
the CA3 (CA3a, F{10,42) = 2.326, p = 0.028; CA3b, F(1.44) = 3.62,
p = 0.002; CA3c, F(;444) = 2.75, p = 0.01). In CA3a (Fig. 2E), all
groups, except for the phasic GLUT LC group, showed more
doubles than singles shown by separate one-way ANOVAs (CC
Handled [CCH]: F, 3y = 7.53 p = 0.014; LC Injector/aCSF: F, ;) =
13.80, p = 0.001; BETH: F, ,, = 8.526 p = 0.036; ORX-A: F, ;) =

Grella et al.  Phasic Locus Coeruleus Firing Initiates Remapping

6.625, p = 0.054; CRF: F, ,, = 8.386, p = 0.037). The phasic
GLUT LC group demonstrated a novel map. In CA3b (Fig. 2F),
patterns were similar to those observed in CA3a, although signif-
icantly more doubles were only seen in the CCH, Injector/aCSF,
and CRF groups (CCH: F, &) = 3.364 p = 0.075; Injector/aCSEF:
Fonp = 1465 p = 0.001; BETH: F,,, = 3.688 p = 0.124;
ORX-A: F(y.4) = 3.336 p = 0.14; CRF: F, 4, = 26.185 p = 0.005).
The phasic GLUT LC group again showed a novel pattern. In
CA3c (Fig. 2G), the Injector/aCSF, ORX-A, and CRF groups ex-
hibited familiar profiles (CCH: F, 4) = 3.697, p = 0.073; Injector/
aCSF: F(, 1, = 6.378, p = 0.011; BETH: F,, ,, = 3.226, p = 0.146;
ORX-A: F( 4, = 7.995, p = 0.04; CRF: F, ,, = 216.2, p = 0.001).
The phasic LC GLUT group showed a novel pattern.

There were significant Group X IEG Loci interactions in both
proximal (F(, 44y = 2.59, p = 0.015; two-way repeated-measures
ANOVA) and distal CAL (F(;44) = 2.60, p = 0.014; two-way
repeated-measures ANOVA) (Fig. 2C,D). Following separate
one-way ANOVAs, familiar patterns were observed in CCH
(Fo.6) = 4.83, p = 0.056), Injector/aCSE (F, 1, = 7.59, p = 0.006),
ORX-A (F(, 4 = 313.4, p = 0.00004021), and CRE (F,., = 45.99,
p = 0.002) in proximal CAl. This was not observed in BETH
(Fa,4) = 5.19, p = 0.08. However, the expression pattern for
phasic LC GLUT was similar to what is observed when an animal
explores a novel environment (Fig. 2C). In distal CA1, separate
one-way ANOVAs revealed significantly more doubles than sin-
gles were observed in CCH (F(, 4, = 7.92, p = 0.013), Injector/
aCSF (F(,14) = 1145, p = 0.001), ORX-A (F,,, = 14.78, p =
0.014), and CRF (F(, ;) = 30.04, p = 0.004). Again, this was not
observed in BETH (F, ,) = 4.85, p = 0.085). Phasic LC GLUT
animals demonstrated a novel IEG pattern (Fig. 2D). While ani-
mals in the BETH group showed the most variability of tonic
activators in these small samples, for the CA3 and CA1 subregions
together, there was a main effect of IEG loci with higher doubles
compared with singles in the BETH group [F, ,5) = 7.82, p = 0.04;
two-way (IEG Loci X HPC subregion) repeated-measures
ANOVA].

In the DGS, none of the pharmacological LC conditions was
associated with a familiar map profile, including the Injector/
aCSF condition (Fig. 2B). Therefore, the DGS remapped with
both tonic and phasic increases in LC activity.

The home CC rats (CCH) in Experiment 2 were run with the
same protocol as the experimental rats, but in home cages in the
colony room. This handling protocol increased the number of
IEG-positive cells in CCH rats compared with undisturbed CCs
(CC) in Experiment 1 (Fig. 1 vs Fig. 2). This conclusion is supported
by significantly higher total IEG expression within each hippocam-
pal subregion in Experiment 2 versus Experiment 1 (CA1 distal:
Fii12 = 3948, p = 0.00004; CA1 proximal: F, ,, = 6.427, p =
0.026; CA3a: F, 1) = 19.77, p = 0.001; CA3b: F, 15 = 5.405,
p=0.038; CA3c: F, 15, = 12.043, p = 0.005; DGS: F,, 1, = 13.924,
p = 0.002; two-way repeated-measures ANOVA) (also Fig. 4). The
primary effect of handling in the CCH group was to increase the
number of doubles. This effect is supported by a significant
Group X IEG Loci interaction (CA1 distal: F(, ,4) = 14.304, p =
0001; CAl proximal: F,,4 = 5.538, p = 011; CA3a: F, ,,) =
12.046, p = 0.002; CA3b: F,,, = 17.513, p = 0.007; CA3c:
Fiyngy) = 5.374, p = 0.013; DGS: F(,,) = 4.28, p = 0.051;
two-way repeated-measures ANOVA).

The handled home cage maps corresponded to familiar maps for
all pyramidal cell subregions but are only marginally significant for
DGS granule cells. Thus, in Long—Evans rats undergoing the exper-
imental handling protocol in the home cage, there is not clear evi-
dence for the presence of a familiar map in DGS. This possible reset



Grella et al. @ Phasic Locus Coeruleus Firing Initiates Remapping

J. Neurosci., January 16,2019 - 39(3):445—455 « 451

Dentate Gyrus (DGS) CA1 (Proximal) CA1 (Distal)
Com— CC COf
ST [ T
— —_— —
EXP1 GLUT- EXP1 GLUT: EXP1 GLUT-

NO GLUT ™
NO GLUT e

GLUT:

e
NO GLUT femm

NO G T
NO GLUT e’

[ Epoch 1 GLUT: H GLUT- =

CRF I [E Epoch2 CRF e CRF =
EXP 2 ORX-Afetto EXP 2 ORX-Ade? EXP 2 ORX-Afem
BETH it BETH s — BETH
Injector/aCSF et I Injector/aCSF Injector/aCSFm
ClH s Seps——— CCHY
- Clon-id.ine JY:E E—— B Clon.id-ine VD ——] - Clon.id.ine V5 —
Clonidine A/A-i Clonidine A/A-% Clonidine A/A-
0 2 4 6 8 0 20 40 60 0 20 40 60 80
Percentage % (mean + sem) Percentage % (mean + sem) Percentage % (mean + sem)
CA3a CA3b CA3c
CCHmm e ="} ccl—
LTt GLUT s GLUT
o1 OLUT . o1 = exp 1 o —
NO GLUT- e, NO GLUTeti NO GLUT et
NO GLUT u) NO GLUT iy NO GLUT —
LT GLUT S i
CRF I — CRF f CRF f
EXP 2 ORX-Ated ™ EXP 2 ORX-Afed EXP2 ORX-Ate
BETH = — BETH e — BETH —
j SF — Injector/aCSF - j SFt———— I
CCHleeeeeee— CCHp=— CCHtf=—e
Clonidine A/Bfe—riton Clonidine A/BY==in Clonidine A/Bfmit
BES3. clonidire M B3 Clonidine NAf——— EXPS  cioidine S —
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Percentage % (mean + sem)

Percentage % (mean + sem)

Percentage % (mean + sem)

Figure4.

Total IEG expression remains constant across both behavioral epochs. *p << 0.05. Yellow represents the first behavioral epoch (Environment A). Purple represents the second behavioral

epoch (Environment A or B). A-F, The percentage of total IEG expression is shown across all three experiments across each of the six hippocampal regions. B—E, IEG expression remains constant

across epochs in each region except in the (A) DGS and (F) CA3c.

effect in DGS may again relate to its sensitivity to LC activation as
seen in Experiment 1, but remains to be confirmed.

LC inactivation results in familiar map recall in a novel
environment for both DGS and CA1

In Experiment 3, we used the a-2 adrenergic agonist, clonidine,
before placement in Environment B, to silence the LC (Berridge
etal., 1993). While clonidine is somewhat more lipophilic (Tim-
mermans et al., 1977) than the activators used in Experiments 1
and 2, bolus infusions have produced highly localized LC effects
in previous studies (De Sarro et al., 1987; Sakamoto et al., 2013;
Clément et al., 2014; Cummins Jacklin et al., 2015). We predicted
similar profiles for A/A and A/B conditions resulting from LC
inactivation preventing novelty environment encoding. We
found that LC input was required for novel map generation in
DGS, CA3c, and CAl, but not in CA3a and CA3b (Fig. 3). Rats
given clonidine before placement in the “B” environment pro-
duced the familiar “A” environment map in DGS [main effect of
IEG Loci, F(; 1) = 6.55, p = 0.007, two-way repeated-measures
ANOVA) (Fig. 3B), CA3c (Group X IEG Loci interaction, F, ;5 =
7.73 p = 0.004, two-way repeated-measures ANOVA) (Fig. 3G)
and CA1 (proximal: main effect of IEG Loci, F, ;5) = 30.59, p =
0.00000341; distal: main effect of IEG Loci, F, 4y = 26.55, p =
0.00000826; two-way repeated-measures ANOVA) (Fig. 3C,D).
Follow-up comparisons showed significantly more doubles than
singles in the A/B group in the DGS (F, 4y = 10.38, p = 0.004,
one-way ANOVA) (Fig. 3B), the CA3c (F(, 1, = 5.61, p = 0.019,
one-way ANOVA) (Fig. 3G), and the CAl (proximal: F, ,,, =

21.3, p = 0.0001127; distal: F, ,,, = 20.45, p = 0.0001362; one-
way ANOVA) (Fig. 3C,D).

In contrast, a globally remapped representation was evident in
CA3a (Group X IEG Loci interaction, F, ;5, = 10.15, p = 0.001,
two-way repeated-measures ANOVA; Fig. 3E), and CA3b
(Group X IEG Loci interaction, F(, |5 = 6.28, p = 0.01, two-way
repeated-measures ANOVA interaction; Fig. 3F). In each case,
the Clonidine A/A and Clonidine A/B groups differed in pattern,
with the A/A group having a familiar pattern (CA3a: F,,, =
37.85, p = 0.003; CA3b: F, ,) = 5.49, p = 0.071) and the A/B
group showing no differences across the intracellular profile of
Arc expression. CA3c is located within the boundaries of the DG
and may reflect more DG-like processing characteristics (Hun-
saker and Kesner, 2008; Marrone et al., 2014). Supporting this
idea, Hunsaker et al. (2008) found the most severe deficits in
spatial processing in rats were observed when the animals sus-
tained lesions to the DG and to the CA3c subregions of the HPC.
They were impaired in novelty detection whether changes to the
environment were great or small. In contrast, lesions to the CA3a
and CA3b did not produce such impairment.

Silencing the LC in the A/A condition would not be expected
to alter the already formed “A” representation because the LC is
not normally activated in familiar environments. The familiar
“A” map in the A/A condition was demonstrated in CA3 and CA1
(Fig. 3C-G). In the DGS condition, there were increased doubles,
butalso increased IEG foci (Fig. 3B), as seen in Experiment 2 (Fig.
2B) after LC activation. The intermediate pattern in DGS also
occurred for A/A with LC CRF activation in Experiment 2.
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For all groups except the DGS (main effect of Epoch, F(, ¢, =
4.60, p = 0.0036, two-way repeated-measures ANOVA) and the
CA3c (main effect of Epoch, F(; 44 = 4.105, p = 0.0047, two-way
repeated-measures ANOVA), total IEG expression was constant
across environment exposures (Fig. 4A—F). Comparisons be-
tween the percentage of doubles in all conditions across all brain
regions against chance values are also reported for Experiment 1
(Fig. 5A-F) and Experiments 2 and 3 (Fig. 6A—F). In every case,
the percentage of doubles was well above chance (interactions,
DGS: F(, ¢) = 4.105, p = 0.0047; CA1 proximal: F(,, s5) = 4.53,
p = 0.00; CA1 distal: F}, 55, = 5.406, p = 0.00; CA3a: F,, 5,y =
7.376,p = 0.00; CA3b: F,, 5 = 8.585, p = 0.00; CA3c: F 54 =
5.518, p = 0.00; two-way repeated-measures ANOVA). Inter-
estingly, however, in the CAl, both proximally and distally,
even though the A/B group showed a percentage of doubles
greater than chance, phasic LC glutamate induced a reset ip-

silaterally such that this was no longer the case (GLUT AB; Fig.
5B,C).

Discussion
We found that ipsilateral LC glutamate activation was able to
reset the DGS map in a familiar environment and phasic bilateral
LC activation globally remapped representations in DG, CA3,
and CALl in a familiar environment. This dramatic result sup-
ports the network reset hypothesis (Bouret and Sara, 2005) and
reveals a nonspatial determinant of hippocampal representations
thought to form the underpinnings of episodic memory, conso-
nant with the view that representations are constantly updated in
the face of new information (McKenzie and Eichenbaum, 2011).
Remapping in a familiar environment is consistent with pro-
posals that hippocampal representations may be viewed as ab-
stract networks which incorporate spatial, temporal, sensory, and
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motivational information by indexing distributed cortical events
representing an experience (Teyler and DiScenna, 1986; Teyler
and Rudy, 2007). The view of hippocampal representations as
traces of episodic memories, serving to protect other memories
from interference, has extensive support (McKenzie and Eichen-
baum, 2011; Tonegawa et al., 2015; Bulkin et al., 2016). The HPC
uses a sparse coding scheme to separate experiences, even when
they may be highly similar, or when they occur in familiar set-
tings, situations in which the contextual cues then require the
acquisition of new meanings. Our observation that a salient LC
signal recruits a new network representation in an unchanged
environment is in accordance with these concepts and provides
one mechanism by which this may occur. The importance of the
LC episodic memory signal is underlined by a failure to encode
new space as a new map in DGS, CAl, and CA3c when LC is
silenced.

Regional differences in the impact of LC silencing on hip-
pocampal representations are highlighted in a recent optogenetic
study (Wagatsuma et al., 2018). However, those effects con-
cerned map stabilization, not map initiation. Silencing the LC
after encoding prevented stabilization, and local LC fiber inacti-
vation in the HPC showed stabilization depended on CA3 only.
Our data show that CA3a/b responds differently to the tension
between changed external input and absence of the LC signal
relative to DG, CAl, and CA3c. DG, CAl, and CA3c retrieve the
old map in the new context, consistent with its prior stabilization,
while CA3a/b generates a new map. Trisynaptic circuitry connec-
tivity per se (DG/CA3/CA1) does not drive hippocampal repre-
sentations consistent with other studies (e.g., Karlsson and Frank,
2008). CA3a/b is more sensitive to environmental input as a trig-
ger for global remapping than are CA3c, DG, and CA1. CA3a/b
global remapping may be supported by non-LC neuromodula-
tory novelty signals, insufficient to trigger changes in DG, CA1,
and CA3c.

Consistent with our findings that LC bursts can induce global
map reset in an unchanged environment, is evidence by Moita et
al. (2004) that brief foot shock in a familiar environment initiates
global CA1 map reset. Foot shock phasically activates the LC
(Chen and Sara, 2007).

Distinct LC tonic and phasic activation effects have been seen
in optogenetic experiments. Tonic LC optogenetic activation is
associated with stress, producing anxiety and aversion as a func-
tion of frequency. Anxiogenic effects also occur with activation of
LC-CRF receptors. Phasic LC activation, paralleling LC responses
to novel and salient stimuli, is not stress-inducing, even with
frequency increases (McCall et al., 2015). Phasic, not tonic, LC
activation generates enhanced sensory salience in cortex, recruit-
ing unresponsive cells and generating the P300 wave (Vazeyetal.,
2018), a metric of cognitive function.

Phasic activation of LC induces changes in network dynamics
proposed to promote adaptive behavior at critical times when
learning is necessary (Sara et al., 1994; Bouret and Sara, 2005;
Hagena et al., 2016). We show this occurs within the HPC with
the generation of a new episodic map, and suggest that the LC
system biases the memory system toward episodic encoding
when new or salient information is available. One example of this
is reversal learning, which is associated with phasic LC activation
(Aston-Jones et al., 1994, 1997; Rajkowski et al., 1994; Aston-
Jones and Cohen, 2005). The way in which the switch between
memory encoding and retrieval separates memories and pro-
motes adaptive behavior is poorly understood. This is a concern
because dysregulation in memory updating may underlie anxiety
disorders, such as post-traumatic stress disorder (Maren et al.,
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2013; Morrison and Ressler, 2014; Liberzon and Abelson, 2016;
Sheynin and Liberzon, 2017).

The present experiments only index global remapping. Rate
remapping, place field rotation, or place field splitting occurring
with novelty would not be detected as a loss of network overlap,
unless lower firing rates failed to trigger IEG transcription. Tonic
LC input may support rate remapping. This remains to be
studied.

The optogenetic experiments, together with the present find-
ings, suggest patterns and timing of LC firing is critical for out-
comes. Two features may mediate pattern differences. First is the
strength and nature of LC-released neurotransmitters. NE inter-
acts with receptors that have different thresholds for recruitment
(see Salgado et al., 2012). Higher release per impulse occurs with
bursts and will alter concentrations (Florin-Lechner et al., 1996).
Bursts also facilitate peptide cotransmitter release (Lundberg et
al., 1989; Wilcox and Unnerstall (1990); Trudeau, 2004; Vila-
Porcile et al., 2009; Kourtesis et al., 2015). LC axons can release
dopamine (Smith and Greene 2012; Takeuchi et al., 2016; Kem-
padoo et al., 2016), an effect that may link to firing patterns.
Differential postsynaptic receptor activations would mediate dif-
ferent outcomes. Second, the pause in LC firing is a canonical
difference between burst and tonic firing. How might this pause
contribute to alter LC’s modulatory effect? Noradrenergic recep-
tor actions are modified by changes in G-proteins (e.g., Chay et
al., 2016). If these effects are sufficiently rapid, they may mod-
ulate downstream signaling to burst versus tonic firing pat-
terns. Understanding the effects of varying LC patterns of
activation is needed for a mechanistic model of LC-induced
global remapping.

What were the probable LC patterns with our phasic/tonic
manipulations? The glutamate-induced LC burst may have ter-
minated before placement in the open field and would have been
followed by silence (Harley and Sara, 1992). However, the IEG
mapping patterns induced by glutamate in the A/A condition
(Fig. 2) are unlike those associated with LC clonidine silencing in
the same A/A condition (Fig. 3), suggesting that LC silence is not
linked to remapping. A more extended effect of the glutamate
burst is probable. NE is elevated for minutes after LC glutamate as
indexed by voltammetry (Brun et al., 1993a, b) or microdialysis
(Walling et al., 2004). Alternatively, remapping after glutamate
might be due to the burst occurring in the larger context of the
route and room that preceded placement.

The possible profiles of tonic activator effects should also be
considered, particularly given the lack of a change in the network
representation. Each would activate differently and be associated
with differing side effects. CRF also recruits LC neuropeptide S *
cells (Jingling et al., 2012). Orexin release co-occurs with gluta-
mate (Huang et al., 2007), which is not mimicked by ORX-A
infusion. Tonic activator doses were low and LC rate increases
possibly low. However, the similarity in outcomes of the three
tonic manipulations is encouraging. Clonidine was also admin-
istered at a low dose, but the threshold dose for clonidine LC
silencing is significantly lower with bilateral, compared with uni-
lateral, infusions (De Sarro et al., 1987), reinforcing the impor-
tance of bilateral LC manipulations.

These experiments further draw attention to regional differ-
ences in LC effects across the HPC. The DGS appears especially
sensitive to LC as a global remap signal as novel maps were gen-
erated in a familiar environment with all treatments. This is con-
sistent with the proposed role of DGS in pattern separation
(Neunuebel and Knierim, 2014; Kesner, 2018). When the LC was
silenced, only the CA3a/b subregions generated a novel represen-
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tation in a novel environment; DG, CA1, and CA3c expressed the
previous familiar map (déja vu). This difference in maps between
CA3a/b and CALl supports evidence that CA3 has a discontinuous
response to input changes unlike CA1 (Guzowski et al., 2004). It
is also consistent with a new theoretical framing of CA1 and CA3
function, which argues that CA1 is best characterized as provid-
ing “gist” representations, whereas CA3 provides detailed repre-
sentations (Burke et al., 2018). In the present experiment, the
changed details of the novel environment (which were many)
may have driven the CA3, whereas a similar box in a similar room
supported the gist of the earlier representation with LC activation
blocked.

While our data are rodent-based, there is increasing focus on
human LC functions, where results similar to those observed in
rodents have been reported (Deuker et al., 2016). Pupillometry,
and sophisticated MRI techniques, permit indirect monitoring of
LC activity. Pupil dilation reflects phasic LC events. There is evi-
dence of representation-modulating effects associated with pupil
dilation (Clewett et al., 2018). We have proposed that LC events,
in conjunction with brain network activity, generate a priority
mechanism for attention and memory (Mather et al., 2016). We
argue that there is a particular role for LC projections to the HPC
in assigning new networks to mediate encoding that reflects en-
vironmental change. Recent evidence demonstrates the LC is one
of the first structures affected in Alzheimer’s disease (Mather and
Harley, 2016; Weinshenker, 2018) and increases the sense of ur-
gency to improve our understanding of LC functions and their
mechanistic underpinnings in relation to memory.
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