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The central noradrenergic (NA) system is critical for the maintenance of attention, behavioral flexibility, spatial navigation,
and learning and memory, those cognitive functions lost first in early Alzheimer’s disease (AD). In fact, the locus coeruleus
(LC), the sole source of norepinephrine (NE) for .90% of the brain, is the first site of pathologic tau accumulation in human
AD with axon loss throughout forebrain, including hippocampus. The dentate gyrus is heavily innervated by LC–NA axons,
where released NE acts on b-adrenergic receptors (ARs) at excitatory synapses from entorhinal cortex to facilitate long-term
synaptic plasticity and memory formation. These synapses experience dysfunction in early AD before cognitive impairment.
In the TgF344-AD rat model of AD, degeneration of LC–NA axons in hippocampus recapitulates human AD, providing a pre-
clinical model to investigate synaptic and behavioral consequences. Using immunohistochemistry, Western blot analysis, and
brain slice electrophysiology in 6- to 9-month-old wild-type and TgF344-AD rats, we discovered that the loss of LC–NA axons
coincides with the heightened b-AR function at medial perforant path–dentate granule cell synapses that is responsible for
the increase in LTP magnitude at these synapses. Furthermore, novel object recognition is facilitated in TgF344-AD rats that
requires b-ARs, and pharmacological blockade of b-ARs unmasks a deficit in extinction learning only in TgF344-AD rats,
indicating a greater reliance on b-ARs in both behaviors. Thus, a compensatory increase in b-AR function during prodromal
AD in TgF344-AD rats heightens synaptic plasticity and preserves some forms of learning and memory.
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Significance Statement

The locus coeruleus (LC), a brain region located in the brainstem which is responsible for attention and arousal, is damaged
first by Alzheimer’s disease (AD) pathology. The LC sends axons to hippocampus where released norepinephrine (NE) modu-
lates synaptic function required for learning and memory. How degeneration of LC axons and loss of NE in hippocampus in
early AD impacts synaptic function and learning and memory is not well understood despite the importance of LC in cogni-
tive function. We used a transgenic AD rat model with LC axon degeneration mimicking human AD and found that height-
ened function of b -adrenergic receptors in the dentate gyrus increased synaptic plasticity and preserved learning and
memory in early stages of the disease.

Introduction
The locus coeruleus (LC) is the sole source of norepinephrine
(NE) for .90% of the brain, and is critical for attention, behav-
ioral flexibility, spatial navigation, and learning and memory (for
review, see Poe et al., 2020). LC degeneration, predominantly
caused by hyperphosphorylated tau (pTau) deposition (Braak et
al., 2011; Arendt et al., 2015; Theofilas et al., 2017), is tightly
associated with the transition from cognitively intact to amnestic
mild cognitive impairment (aMCI; Braak et al., 2011; Arendt et
al., 2015; Kelly et al., 2017; Theofilas et al., 2017) to dementia in
Alzheimer’s disease (AD) patients (Herrmann et al., 2004; Braak
et al., 2011; Kelly et al., 2017). Though LC neurons can survive
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for decades despite pTau accumulation (Kelly et al., 2017;
Theofilas et al., 2018), their axons shorten, target regions are
deafferented, and firing of LC neurons becomes destabilized
(Chiodo et al., 1983; Booze et al., 1993; Gulyás et al., 2010).
While amyloid-b (Ab ) induces neurotoxicity (Forest and
Nichols, 2019), there are no reports of noradrenergic (NA) fiber
degeneration in exclusively Ab -expressing transgenic mouse
models, suggesting that pTau accumulation is causal to NA fiber
loss in human AD. Importantly, mimicking human NA degenera-
tion in transgenic AD mice using the selective neurotoxin N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride enhan-
ces Ab plaque deposition (Heneka et al., 2006; Jardanhazi-Kurutz
et al., 2011), neuroinflammation (Heneka et al., 2002; Pugh et al.,
2007), and cognitive/behavioral deficits (Jardanhazi-Kurutz et al.,
2010; Rey et al., 2012). Furthermore, loss of NA tone can enhance
the sensitivity of adrenergic receptors (ARs) to agonist activation,
known as “denervation supersensitivity” (Deguchi and Axelrod,
1973; Bannister et al., 1981; Dooley et al., 1983; Monti et al., 1988),
which is believed to result from increased receptor expression, and
is present in human AD (Deguchi and Axelrod, 1973; Kalaria et
al., 1989a). However, the consequences of this AR supersensitivity
are unknown.

In contrast to transgenic mouse models harboring human
Ab mutations, the TgF344-AD rat with APPswe and PS1DE9
mutations has endogenous pTau deposition in LC early in the
disease (Cohen et al., 2013; Rorabaugh et al., 2017). Reductions
in NA fiber density, which is accompanied by deficits in cogni-
tive flexibility measured by reversal learning (Rorabaugh et al.,
2017), occur in the entorhinal cortex (EC) and dentate gyrus
(DG) by 16months of age. Importantly, this cognitive deficit is
rescued by enhancing LC activity using chemogenetic activation,
further confirming a critical role of the LC–NA system in main-
taining cognitive function in AD.

The DG is the gatekeeper for the hippocampus, and is critical
for learning and memory (Patrylo and Williamson, 2007; Dengler
and Coulter, 2016). The DG contains the highest NA fiber density
and expression of b 1-ARs and b 2-ARs in the hippocampal forma-
tion (Loy et al., 1980; Nicholas et al., 1993). b -ARs in the DG facil-
itate both long-term potentiation (LTP) and long-term depression
(LTD), depending on the salience of the experience, simultaneous
with enhancing learning, all of which are prevented by pharmaco-
logical blockade of b -ARs (O’Dell et al., 2015; Hagena et al., 2016;
Hansen, 2017). In human AD, excitatory inputs from the EC to
DG malfunction first (Khan et al., 2014). Importantly, using the
TgF344-AD rat model, we previously found that altered synaptic
function, including enhanced LTP, appears first at medial perforant
path (MPP) synapses from the EC onto dentate granule cells
(DGCs) mimicking the early dysfunction in human AD.

Here, in TgF344-AD rats, we found reduced hippocampal
NA axon density beginning at 6months of age, which is consid-
erably earlier than first reported (Rorabaugh et al., 2017). In syn-
aptic physiology studies at time points when NA axon loss is
significant, we discovered heightened b -AR function at MPP–
DGC synapses that is mechanistically linked with the heightened
LTP magnitude we previously reported (Smith and McMahon,
2018). Importantly, this heightened b -AR function facilitates novel
object recognition (NOR) in TgF344-AD rats and enables fear
extinction learning, thereby providing a possible mechanism to
explain how cognitive abilities are protected in the prodromal stage
of AD. Understanding how the NA system changes in early or pro-
dromal AD opens the door for innovative therapies and a more
comprehensive view of neurodegenerative disorders impacting the
LC–NA system.

Materials and Methods
Animals
A total of 280 male and female TgF344-AD rats harboring the human
Swedish amyloid precursor protein (APPswe) and d exon 9 mutant pre-
senilin-1 (PS1DE9) were bred with nontransgenic F344 females [Envigo
(previously Harlan Laboratories)] at the University of Alabama at
Birmingham. All breeding and experimental procedures were approved
by the University of Alabama Institutional Animal Care and Use
Committee and follow guidelines set by the National Institutes of
Health. The original breeding pair was obtained from Terrence Town
(University of Southern California, Los Angeles, CA; Cohen et al., 2013).
Rats were maintained under standard animal care facility conditions
with food (catalog #Harlan 2916, Teklad Diets) and water ad libitum and
a 12 h light/dark cycle at 22°C and 50% humidity. Rats used for behav-
ioral assays were reverse light entrained for a minimum of 2 weeks. Rats
were housed in standard rat cages (height, 7 inches; floor area, 144
square inches) in same-sex groups of four or less at weights of;300 g or
two per cage when �400 g. Rats were aged from birth to experimental
age groups not exceeding 24months. Because of colony restrictions, only
male rats were used for immunohistochemistry (IHC; age range, 3–
24months) and brain slice electrophysiology experiments using dendri-
tic field potential recordings (age range, 9–10months; see Figs. 2A1–B2,
3). Both male and ovariectomized female (.2 weeks before experimen-
tation to avoid modulation of synaptic plasticity by estrous cycle
changes) rats were used for calcium channel experiments (age range, 9–
10months), behavior (age range, 10–13months), biochemistry (age, 9–
11months), and LTP experiments (age, 6 months). In our previous
report (Smith and McMahon, 2018), we found no differences in synaptic
transmission and plasticity between sexes at these ages.

Genotyping
The presence of transgenes was verified twice for each animal, first using
ear punches (collected at postnatal day 21) and again using cerebellar tis-
sue collected on the day the animal was killed. APPswe and PS1DE9 trans-
gene expression were confirmed using PCR and the Terra PCR Direct
Polymerase Mix (Clontech Laboratories). PCR cycling parameters, pri-
mers, and analyses followed those of (Smith and McMahon, 2018).
Animals were excluded from the study if their PCR genotyping did not
match or was ambiguous.

Immunohistochemistry
Serial coronal sections containing dorsal hippocampus were cut (50mm)
from transcardially perfused and PFA-fixed hemispheres (vibratome
VT1000P, Leica; from 3-, 6-, 9-, 12-, 15-, 19-, and 24-month-old ani-
mals) and stored in individual wells with 0.1 M PBS plus 0.04% Na-azide.
Dorsal hippocampal sections were washed in 0.01 M PBS, pH 7.2, before
blocking endogenous peroxidase activity with 3% H2O2 in 0.01 M PBS
for 10min and washed again two more times. Nonspecific binding sites
were blocked by incubating sections in PBS blocking buffer (1% bovine
serum albumin, 0.2% nonfat powdered skim milk, 0.3% Triton X-100,
filter sterilized) for 60min at room temperature. Sections were incubated
in anti-tyrosine hydroxylase (TH) polyclonal antibody (Ab; 1:100; stock
#ab152, EMD Millipore) or anti-Ab (1:400; stock #6E10) for 18 h. TH
fibers in hippocampus have been found to colocalize with dopamine
b -hydroxylase-positive fibers (Moudy et al., 1993) serving as a homolog
for noradrenergic fiber labeling. Primary-labeled slices were washed in
0.01 M PBS 6� 10 min and then incubated with 1:100 Alexa Fluor 564
Dk-a-ms or Alexa Fluor 564 Dk-a-rb for 2 h. Slices were washed again,
mounted (Fisherbrand Superfrost Plus Slides, Thermo Fisher Scientific),
and coverslipped in Fluoromount with DAPI.

Confocal microscopy
Labeled slices were imaged with a confocal laser-scanning microscope
(model A1R, Nikon) equipped with a high-definition multichannel de-
tector for RGB and far red imaging with balanced emissions at 405, 488,
561, and 640 nm. To obtain an optimal signal-to-noise ratio for each flu-
orophore, we adjusted the gain and offset on a slide containing positively
labeled tissue in parallel followed by taking the mean fluorescence/pixel
of two sequential scans. Adjustments were made in the dedicated
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interface with NIS Elements C. Regions of interest [dentate gyrus (within
the hilus), CA3, and CA1] were imaged, acquiring 22–26 stacks of
0.225mm increments at 40� magnification. One series of slices was la-
beled in parallel without the addition of primary antibodies to be used as
a negative control (data not shown).

Image processing
Digitized images were processed using FIJI (FIJI is just ImageJ, 2015) in
which images were split by color channel, and these channels processed
individually for quantification purposes. Twenty digital sections (each
section being 0.225mm in the z-direction) were collapsed into a z-projec-
tion by average pixel intensity. Brightness/contrast intensity was univer-
sally changed to exclude oversaturated or undersaturated pixels. DAPI
images were used to create regions of interest that fell into the crux of
CA3, stratum radiatum of CA1, and the hilar region of the dentate gyrus.
TH-immunostained images were then analyzed with a standardized seg-
mentation plugin, WEKA (Schindelin et al., 2012; Arganda-Carreras et
al., 2017; University of Waikato, Hamilton, New Zealand). This plugin
uses an ideal image (approximately average signal/noise ratio) chosen to
represent a mean distribution of pixel values (fluorescent signal) to cre-
ate a single fast-random-forest classifier by machine learning. The classi-
fier generated from several training iterations is then applied to the rest
of the dataset to segment “objects” (in this case, TH1 fibers), which were
extracted for further analysis. These extracted TH1 fiber images were
made binary, and objects of ,10 pixels (;3.14mm) were removed. A
standard FIJI analysis tool, “Classify Particles Using Skeleton” was used
to measure the length and area of the segmented objects. The “cutoff/
snapto distance” of 30 pixels was used to fill small gaps missed by the
segmentation tool. These results were expressed as a length per area
(based on the region of interest). A total of two collapsed stacks per sub-
field (DG, CA3, CA1), per rat were imaged and underwent image proc-
essing. The total length per area, per rat, were averaged for statistical
analyses.

Hippocampal slice preparation
Rats, 6 or 9–10months of age, were anesthetized via deep isoflurane in-
halation and rapidly decapitated, and brains were removed. Coronal sli-
ces (400mm) from dorsal hippocampus were prepared using a vibratome
(model VT1000P, Leica). Slices were made in low Na1, sucrose-substi-
tuted ice-cold artificial CSF (aCSF) containing (in mM): NaCl 85, KCl
2.5, MgSO4 4, CaCl2 0.5, NaH2PO4 1.25, NaHCO3 25, glucose 25, and
sucrose 75, saturated with 95% O2, 5% CO2, at pH 7.4. Slices were held
in a water bath at 26°C for 1 h in standard aCSF containing the following
(in mM): 119.0 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.0
NaHCO3, and 11.0 glucose, saturated with 95% O2, 5% CO2, at pH 7.4
before transfer to the submersion chamber for recordings.

Electrophysiology
Extracellular dendritic field EPSPs (fEPSPs) were recorded from DGCs
from stimulation to the MPP in a submersion chamber continuously
perfused with standard aCSF warmed to 26.5–28.5°C. Baseline fEPSPs
were generated by stimulating the MPP input onto DGCs (0.1Hz for
200 ms) using a twisted insulated nichrome wire (A-M Systems) elec-
trode placed in MPP within 200–300 mm of an aCSF-filled glass record-
ing electrode. Correct electrode placement was verified visually and by
the generation of paired-pulse depression, a characteristic of the MPP–
DGC synapses (McNaughton and Barnes, 1977; Smith and McMahon,
2018), at an interstimulus interval of 50ms through the duration of the
experiment. Baseline fEPSPs were obtained at ;50% maximal response
(;0.5mV in amplitude) and experiments with�8% variance in baseline
were not included in the final datasets. Rats were interleaved by genotype
for any given dataset to control for technical artifacts. Bath application
of drugs [NE or isoproterenol (ISO), for 10min] followed the collection
of a stable 20 min baseline.

Long-term potentiation
High-frequency stimulation (HFS; four trains of 100Hz, for 500ms, sep-
arated by 20 s) was used to induce LTP at the MPP–DGC synapses and
used a platinum/iridium bipolar stimulating electrode (FHC). Strong

inhibition of DGCs greatly reduces HFS-driven LTP at MPP–DGC syn-
apses (Coulter and Carlson, 2007; Smith and McMahon, 2018), which
necessitates GABAA receptor (GABAAR) antagonism to allow sufficient
postsynaptic depolarization to relieve the Mg21 block from NMDARs.
Therefore, picrotoxin (100 mM) was included in the bath solution to in-
hibit GABAARs for the duration of the experiment. A 20 min stable
baseline was collected before HFS at 1.5� baseline stimulation ampli-
tude. The NMDAR-dependent HFS protocol includes four trains of
100Hz for 500ms, with each sweep separated by 20 s. A partial block of
b -ARs was accomplished with 1 mM propranolol (PROP), which was
present in the bath for the duration of the experiment. Experiments for
each condition—genotype by treatment—were interleaved to control for
technical artifact.

Whole-cell voltage clamp
Slices were allowed to recover for 60min following slicing and trans-
ferred to a submersion chamber continuously perfused with modified
aCSF as follows (in mM): 100.0 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0
NaH2PO4, 26.0 NaHCO3, 11.0 glucose, 25 tetraethylammonium chlo-
ride, 0.01 6,7-dinitroquinoxaline-2,3-dione, 0.005 3-(2-carboxypipera-
zin-4-yl)propyl-1-phosphonic acid, and 0.1 picrotoxin, saturated with
95% O2, 5%CO2, at pH 7.4 and held at 28.06 0.4°C. A dissecting micro-
scope was used to target the cell layer of the dentate gyrus, and DGCs
were blind patched. Electrodes [2–6 MV; filled with the following (in
mM): 120 cesium gluconate, 0.6 EGTA, 5 MgCl2, 2 ATP, 0.3 GTP, 20
HEPES, and 5 QX-314 N-(2,6-dimethylphenylcarbamoylmethyl) triethy-
lammonium bromide, at pH 7.21 and 306 mOsm] were used to patch
DGCs of the dorsal hippocampus. DGCs were held at �80 mV and
underwent a 20ms hyperpolarizing step (�100 mV) followed by 5mV
steps from �60 to 135 mV for 50 mS, with sweeps occurring every 5 s.
Pilot experiments showed a robust rundown of calcium currents that
occurred within several minutes, as previously reported (Doroshenko et
al., 1982; Murchison and Griffith, 1996). This necessitated the experi-
ment to be run immediately following break-in. To avoid ISO-induced
b -AR endocytosis,recordings were terminated following 20min of ISO
exposure (Wang et al., 2011).

Pharmacology
All drugs for electrophysiology were made into stock solutions and
stored at �20°C or 4°C according to manufacturer recommendations
and mixed to working concentration in aCSF immediately before use.
NE (stock solution, 4 mM; working solution, 40 mM), PROP (stock solu-
tion, 10 mM; working solution, 10 mM), metoprolol (Met; stock solution,
20 mM; working solution, 20 mM), ISO (stock solution, 20 mM; working
solution, 1 or 10 mM) were purchased from Sigma-Aldrich. ICI 118,551
(ICI; stock solution, 10 mM; working solution, 300 nM) was purchased
from Tocris Bioscience. Propranolol used for behavioral assays was
made fresh in sterile saline (0.676 mM).

Western blot
To investigate b -AR signaling, hippocampal slices were prepared simi-
larly to those in electrophysiology experiments. The DG was subdis-
sected and allowed to recover for 1 h in oxygenated aCSF with
kyneurinic acid (2 mM) to reduce activity in the slice, which could modu-
late the basal phosphorylation of extracellular signal-regulated kinase
(ERK). Subdissected slices were assigned to control or treatment with
ISO (1 mM; via bath application) for 30, 60, or 120 s followed by immedi-
ate flash freezing in liquid N2. Tissues were later homogenized in a
buffer containing protease and phosphatase inhibitors, and centrifuged
at 25,000 � g for 15min, and lysates were removed. Lysates were eval-
uated by ELISA and subsequently diluted to 30mg/well. Western blots all
contained two ladders and three control lanes, total protein was labeled,
and measured via fluorescent scanning before 10 Ab application. The 10

Abs include ERK, phospho-ERK (pERK), GluA1(pS845), GluA1, and
GAPDH. All Western blots were run in duplicate, and the average con-
centration of the duplicates was used. Phospho-ERK was divided by total
ERK (i.e., pERK42/ERK42), and all values were divided by total protein.
GAPDH values were used to verify the total protein per lane. Control
lanes were averaged and used for comparison across blots.
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Cannula surgery
Eighty-one rats underwent cannulation surgery targeting the lateral ven-
tricles at 9–11months of age. Rats were anesthetized with isoflurane and
a guide cannula [3 mm; catalog #C232G-3.0/SPC, P1 Technologies (for-
merly Plastics One)] with dummy (11 mm projection, C232G-3.0) was
installed at �0.75 anteroposterior and 61.5 mediolateral from bregma.
The cannula was fixed in place with dental cement and anchored into
the skull with four screws. To confirm the correct placement of the can-
nula, a dye (Fast Green FCF, Sigma-Aldrich) was infused into the can-
nula following behavioral assay completion. The detection of dye in the
ventricles was used to verify appropriate placement following behavioral
assay completion.

Behavior
Novel object recognition. Ten- to 13-month-old rats were reverse

light entrained for a minimum of 2 weeks, during which they were
handled every other day for 5 min to socialize them for eventual infu-
sions. Rats were bilaterally infused intracerebroventricularly (5ml/hemi-
sphere at a rate of 1ml/min) each day of the 3 d of the NOR task 30min
before behavior and were placed in the NOR box for 5 min. Rats
received saline infusions on days 1 and 3. On day 1, rats were habituated
to the empty NOR box (length � width � height: 60 � 41 � 40 cm).
Day 2 served as the learning day in which two identical objects (similarly
sized and shaped silicone rubber bear- or squirrel-shaped dog toys) were
placed equidistant (11 cm) from the sides of the box, and the rats were
infused with either 2mg of PROP in saline or with the saline vehicle
alone. This concentration was chosen based on previous studies in the
literature (Kemp and Manahan-Vaughan, 2008) with the goal of a partial
blockade of b -ARs without changing basal synaptic transmission or
interfering with learning in wild-type control rats. The goal of infusion
on day 2 was to determine whether TgF344-AD rats are more reliant on
b -AR enhancement of learning to recognize the identical objects. On
day 3, one of the objects is replaced with a very differently shaped sili-
cone rubber dog toy (a hoagie), and the rat was tasked to spend more
time with the novel object. The use of bears/squirrels, treatment type,
and side of the box in which the novel object replaced a familiar object
was interleaved by genotype. No side or object preferences were
detected. All personnel were blinded to genotype and treatment during
the experiment and the analysis. Behavior was analyzed using Noldus
EthoVision, and the investigation of objects was manually scored by at
least two trained researchers. Investigative behaviors were defined as the
nose of the rat contacting or both being within 2 cm and directed at the
object or front paw contact with the object. Rats that interacted for,1 s
with each object on day 2 or those with no interaction on day 3 were
excluded on the basis of nonparticipation. The number of rats excluded
from analyses were not different between groups based on an ANOVA
(F(3,77) = 0.7326, p= 0.5357).

Contextual fear conditioning. A week following NOR, the same rats
underwent contextual fear conditioning and extinction learning, receiv-
ing the same treatment condition as they had in the NOR task.
Contextual fear conditioning was performed in a custom operant condi-
tioning box (29.53� 23.5� 20.96 cm) over 4 d with a goal of generating
a fear memory and determining whether the TgF344-AD rats rely on
b -ARs for fear extinction learning. Here the box served as the context
with an associated fear memory (shock). Rats received an infusion of
PROP or vehicle on days 2, 3, and 4, 30min before being placed in the
box. On day 1, which serves as the baseline for exploratory and nonfreez-
ing behavior, the rat was allowed to explore the box for 7min, then
received three shocks (0.5mA for 1 s with 1 min intervals) and was im-
mediately removed from the box. On days 2, 3, and 4, rats were placed
in the box for 5min and did not receive a shock. Freezing activity was
video recorded (Video Freeze, Med Associates) during each session.
Time spent freezing was divided by the total time in the box to generate
a percentage of time spent freezing per day. To measure fear extinction
learning, rats were required to adequately recall the fear association on
day 2 by spending.30% of their time frozen. To this end, excluded ani-
mals included the following: WtV (Wt +Vehicle), 3 of 24 (12.5%); WtP
(Wt+ Propranolol), 6 of 25 (24%); TgV (Tg+Vehicle), 3 of 15 (20%);
and TgP (Tg+ Propranolol), 5 of 15 (33%). A x 2 test of independence

showed that there was no significant association between the numbers of
rats excluded and experimental group (x 2

(3,80) = 2.476, p= 0.480).

Experimental design and statistical analyses
Age was not interleaved, therefore all statistical analyses for each experi-
ment were performed within each experimental cohort (e.g., 6-month-
old male TgF344-AD rat vs non-Tg littermate) and not across cohorts.
Results were reported as the mean 6 SEM with significance set at
p, 0.05 (*) determined by unpaired Student’s t test assuming unequal
variance, and repeated measures of general linear models, typically one-
way or two-way repeated-measures ANOVA. Multiple comparisons
were determined a priori and underwent Bonferroni’s or Dunnett’s cor-
rection when values were only compared with a control. Survival analy-
ses are reported as x 2. Manual behavior scores were compared by cohort
and object with a Pearson’s R to verify interrater reliability. 0.80 (mean6
SD r=0.9086 0.061). Non-normally distributed small samples were eval-
uated using an independent samples Kruskal–Wallis test of the median.
Statistical analysis was performed using Prism 7 (GraphPad Software) and
SPSS 26 (IBM). All graphs were created in Prism 7. Sufficient power was
determined with G*Power 3.1.9.2 (Franz Faul, University Kiel, Germany).
Electrophysiological data were acquired using Clampex 10.6 or 10.7
(pClamp; Molecular Devices) and analyzed offline in Clampfit 10.6 or
10.7 (Molecular Devices). For extracellular recordings, the n represents
the number of animals; when more than one slice was used in experi-
ments from a single animal, the data were averaged to represent that
animal. For whole-cell recordings, the n represents the number of cells
and N represents the number of animals.

Results
Pathologic changes begin at 6months in the hippocampus of
the TgF344-AD rat
Previous reports show Ab plaque development in TgF344-AD
rats as early as 6 months (Cohen et al., 2013; Rorabaugh et al.,
2017). Using IHC with the anti-Ab antibody 6E10, we created a
time course of Ab plaque deposition in serial coronal sections
from male TgF344-AD and nontransgenic [wild-type (WT)] lit-
termates. Consistent with the study by Rorabaugh et al. (2017),
we found small plaques in the hilus of the DG (Fig. 1A, arrow) as
early as 6months with large, mature plaques visible by 9months
that persisted with age. Two-way repeated-measures (RM)
ANOVA confirmed a significant interaction of genotype and age
in DG and CA1 [DG: F(4,30) = 2.62, p=0.054 (Fig. 1A); CA1:
F(4,30) = 2.96, p=0.036 (data not shown)]. Two-way RM ANOVA
in CA3 yielded a significant effect of genotype (F(1,30) = 9.30,
p=0.005) but not age (p. 0.05, data not shown).

Significant accumulation of pTau has been reported in LC of
TgF344-AD rats beginning at 6months of age, with significant
loss of dopamine b -hydroxylase-positive NA fibers (DbH1) in
dentate gyrus at 16months of age, but not at 6months of age
(Rorabaugh et al., 2017). To detail the time course of LC axon
degeneration in hippocampus during early disease progression
and before reported significant memory loss (Rorabaugh et al.,
2017), we used anti-TH IHC to identify NA axons and found
that TH1 fiber density was reduced across the hippocampus in
TgF344-AD rats [two-way RM ANOVA; DG: F(1,37) = 10.30,
p= 0.003 (Fig. 1B); CA1: F(1,37) = 8.14, p= 0.007; CA3: F(1,37) =
18.75, p= 0.0001 (data not shown)]. Planned comparisons dem-
onstrated significant reductions of TH1 fiber density beginning
at 6months (DG: t(6) = 2.82, p= 0.03; CA1: t(6) = 2.62, p=0.040;
57% in CA3: t(6) = 3.65, p= 0.011) in contrast to no differences
between genotype at 3 months of age [DG: t(6) = 0.12, p=0.91
(Fig. 1B); CA1: t(6) = 0.81, p= 0.45; CA3: t(6) = 0.83, p=0.44 (data
not shown)]. These findings suggest that NA denervation begins
as early as 6 months of age in the TgF344-AD rat.
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Pharmacological activation of b-ARs induces heightened
synaptic potentiation at MPP–DGC synapses in TgF344-AD
rats
Loss of NA innervation can lead to heightened function of ARs,
a phenomenon referred to as “denervation supersensitivity”
(Deguchi and Axelrod, 1973; Bannister et al., 1981; Dooley et al.,
1983; Monti et al., 1988). Therefore, we tested whether AR func-
tion is indeed increased in Tg-F344-AD rats when NA axon
degeneration is significant by asking whether the modulation of
synaptic strength is increased following agonist application. We
chose 9-month-old rats since TH1 axon loss is significant at this
age, and we used NE (40 mM) to mimic the actions of endogenous
neurotransmitter at ARs. Bath-applied NE (40 mM) during fEPSP
recordings elicited a long-term potentiation of the fEPSP at
MPP–DGC synapses in slices from TgF344-AD rats, measured
40min after NE washout compared with baseline (t(9) = 2.343,
p=0.044), and was not different between genotypes (t(16) =
0.079, p=0.94; Fig. 2A1). However, the time to peak potentiation
of the fEPSP slope, estimated by survival analysis, was much
shorter in TgF344-AD rats (log-rank Mantel–Cox test) x 2

(1,18) =
8.88, p=0.003 (Fig. 2A2), suggesting an enhanced response to
NE in the TgF344-AD rats. Because b -AR activation potentiates
basal transmission and facilitates LTP induction at MPP–DGC

synapses (Pelletier et al., 1994; Lethbridge et al., 2014; O’Dell et
al., 2015; Hagena et al., 2016), we asked whether b -AR activation
underlies the effects of exogenous NE application. Pretreatment
with the b -AR-selective antagonist PROP (10 mM) abolished the
long-lasting synaptic potentiation in both genotypes (TgF344-
AD: t(8) = 0.42, p=0.69; WT: t(7) = 0.060, p= 0.9562) and com-
pletely eliminated the faster time to peak fEPSP potentiation in
TgF344-AD rats (x 2

(1,17) = 0.066, p=0.80; Fig. 2B1,B2), confirm-
ing a role of b -ARs in maintaining NE-induced long-lasting
potentiation and suggesting enhanced function of b -AR as
causal to faster time to peak in the TgF344-AD rats.

b-AR activation alone is sufficient to induce heightened
potentiation at MPP–DGC synapses in TgF344-AD rats
To determine whether b -AR activation is sufficient to cause syn-
aptic potentiation at MPP–DGC synapses in TgF344-AD rats,
we used the selective b -AR agonist ISO (Fig. 3A,B). While bath
application of ISO (10 mM) produced a potentiation similar in
magnitude in TgF344-AD and WT rats (t(9) = 0.030, p= 0.978),
unexpectedly, we found no difference in the time to peak poten-
tiation (log-rank Mantel–Cox test: x 2

(1,10) = 1.150, p= 0.28)
between TgF344-AD rats and WT, contrary to observations fol-
lowing NE application. We postulated that the more rapid onset

Figure 1. Ab accumulation and tyrosine hydroxylase fiber loss first detected at 6 months of age in hippocampus of the TgF344-AD rat. A, Representative images of anti-Ab (6E10 Ab) in
WT and Tg DG hilus of male rats at 3 (WT, n= 4; Tg, n= 4), 6 (WT, n= 4; Tg, n= 4), 9 (WT, n= 4; Tg, n= 4), and 12 (WT, n= 3; Tg, n= 5) months of age. Small, dispersed, immunopositive
plaques appear at 6 months of age (arrow) and appear more commonly, and larger at later months of age in Tg rats. Scale bars, 100 mM. Bar graph (right) of quantified total immunofluores-
cence, including 19-month-old male rats (WT, n= 4; Tg, n= 4) was significant for the interaction of genotype and age (p= 0.05). B, Representative images of anti-TH (ab152) in DG from the
same WT and Tg rats at 3, 6, 9, and 12 months of age. Insets, enlarged regions where outlined. Scale bars, 100 mM. Bar graph (right) of total fiber length/area arbitrary units (AU) including
15- (WT, n= 4; Tg, n= 2), 19- (WT, n= 4; Tg, n= 4), and 24-month-old male rats (WT, n= 3; Tg, n= 2) was significant for genotype differences (p, 0.01), but not age (p. 0.1). Fiber
density was not different between genotypes at 3 months (p. 0.1), but is at 6 months (p, 0.05) and 12months (p, 0.01). All values are the mean6 SEM. ns, not significant. *p� 0.05,
**p� 0.01.
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of potentiation in the TgF344-AD rats could be masked by
higher affinity and more rapid b -AR activation by ISO com-
pared with NE (Swaminath et al., 2004). Thus, we considered
that a threshold, 10-fold lower concentration of ISO (1 mM)
might reveal a difference between TgF344-AD rats and WT.
Consistent with the heightened function of b -ARs at MPP–
DGC synapses in TgF344-AD rats, we observed a statistically
greater magnitude potentiation during and after ISO application
(20–70 min) in the TgF344-AD rats compared with WT (two-
way RM ANOVA20-70min (F(1,13) = 5.60, p=0.034; Fig. 3B).

Because both b 1-ARs and b 2-ARs are present in DG and can
have distinct and overlapping roles in the modulation of neural
circuits (Gibbs and Summers, 2002; Kemp and Manahan-
Vaughan, 2008), we selectively blocked them to determine which
subtype is driving the synaptic potentiation. The selective b 2-an-
tagonist ICI 118,551 (300 nM) did not prevent the ISO-induced
potentiation of fEPSPs in TgF344-AD rats compared with WT at
either ISO concentration (Fig. 3C,D; 10 mM; two-way RM
ANOVA40-60min interaction: F(20,120) = 2.21, p= 0.005; 1 mM; two-
way RM ANOVA40-60min time: F(20,160) = 3.74, p, 0.0001).
However, the selective b 1-antagonist metoprolol (20 mM) com-
pletely abolished the ISO-induced synaptic potentiation in both
genotypes (Fig. 3E), which is consistent with previous reports
(Stanton and Sarvey, 1985; two-way RM ANOVA40-60min time:
F(20,800) = 1.05, p= 0.42). Thus, b 1-ARs appear to be necessary
for the enhanced synaptic potentiation at MPP–DCG synapses.

Biochemical measures partially detect heightened b-AR
function in TgF344-AD rats
b -ARs are G-protein-coupled receptors, and both b 1 and b 2

couple to the GS subtype, which triggers the activation of adenyl-
ate cyclase. Subsequently, cAMP-dependent protein kinase A
(PKA) activation phosphorylates serine 845 (pSer845) on GluA1
subunits of AMPARs, leading to their insertion and the

potentiation of synaptic transmission (Tran et al., 2004; Oh et al.,
2006; O’Dell et al., 2015). b -AR activation also increases ERK1/2
(44/42 kDa, respectively) signaling downstream of Src kinase
activation (Hagena et al., 2016). Via these pathways, b -AR
activation with ISO can cause synaptic potentiation and
enhance LTP (Dahl and Sarvey, 1990; O’Dell et al., 2015;
Hagena et al., 2016). Importantly, both tetanic stimulation
and b -AR facilitated LTP, and learning and memory require
phosphorylation and insertion of AMPARs and an increase
in pERK (English and Sweatt, 1997; Impey et al., 1998;
Winder et al., 1999; Schiff et al., 2017).

We used Western blot analysis following stimulation of acute
slices with 1 mM ISO to determine whether biochemical measures
might also be able to detect heightened b -AR function in
TgF344-AD rats. Using 1 mM ISO was critical to determine
whether biochemical differences exist since the heightened syn-
aptic potentiation at MPP–DGC synapses in TgF344-AD rats
was masked at 10 mM ISO. Furthermore, to capture a rapid
increase in pERK following b -AR activation, we exposed dis-
sected sections of DG to ISO (1 mM) for 0, 30, 60, or 120 s. We
measured pERK and total ERK in whole homogenates of isolated
DG by Western blot and analyzed the ratio of pERK/total ERK
versus untreated control (baseline) at the last time point (120 s).
Consistent with 1 mM ISO being at threshold, we observed a sig-
nificant increase in pERK42/total ERK42 at 120 s in TgF344-AD
(t(15) = 2.59, p= 0.02), but not in WT homogenates (t(16) = 0.85,
p= 0.41; Fig. 4B2). Furthermore, when viewing the result of each
experiment plotted separately (Fig. 4B2), it can be seen that
many more individual samples had an increase in pERK42/total
ERK42 in homogenates from TgF344-AD rats (n= 13/16,
;81%) than WT rats (n=7/17, ;41%), which is consistent with
heightened b -AR function in TgF344-AD rats. pERK44/total
ERK44 was also significantly increased in TgF344-AD DG ho-
mogenates (t(15) = 02.83, p= 0.012; accounting for an increase of
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32.16 11.3%), but not in WT (t(18) = 1.29, p= 0.22; Fig. 4B3).
Similar to pERK42/total ERK42, pERK44/total ERK44 was ele-
vated in a larger fraction of samples from TgF344-AD rats
(n=13/16,;81%) compared withWT rats (n= 10/19,;53%).

Using the same protein samples, we asked whether there is a
greater increase in pSer845-GluA1 downstream of b -AR and
PKA activation in DG homogenates from TgF344-AD rats that
could explain the heightened synaptic potentiation observed at
MPP–DCG synapses. Again, at the 120 s time point, we found
that pS845-GluA1 was increased by ISO exposure (p, 0.001),
but we were unable to detect a difference between genotypes
with Bonferroni correction as the increase also occurred in WT
to the same degree (t(23) = 0.80, p. 0.99; Fig. 4C).

Activation of b-ARs increases the decay constant of voltage-
gated calcium currents in TgF344-AD rat DGCs
b -ARs are also complexed with high-voltage-gated calcium
channels (VGCCs) and PKA, and b -AR activation leads to
phosphorylation of VGCCs, particularly L-type Ca21 channels
(Patriarchi et al., 2018) increasing open probability (Qian et al.,
2017). To determine whether heightened b -AR function in
TgF344-AD rats also enhances VGCC function, we compared
peak current magnitude, total displaced charge, and decay time
constant of Ca21 currents recorded from voltage-clamped DGCs
in response to voltage steps from �60 to 135 mV in slices from
9-month-old rats. To verify that there was no difference in the
quality of the voltage control between groups, we evaluated the
rise time of the Ca21 currents with one-way ANOVA, which
confirmed no differences (F(1,74) = 1.07, p=0.37; Fig. 5A). Data
were analyzed using two-way ANOVAs at peak charge displace-
ment [holding potential (Vh) = �15 mV] for genotype and

treatment, which was followed by one-tailed
Bonferroni-corrected planned comparisons
of treatment effect by genotype. To account
for Ca21 current rundown during whole-cell
recordings (Murchison and Griffith, 1996), Vh

step durations were shortened, resulting in a
truncated Ca21 current decay to baseline (Fig.
5A). To better represent the total charge dis-
placed and to account for the truncated cur-
rent, decay time (t ; in millisiemens) was
calculated and compared.

We found no genotype difference in
VGCC current amplitude (in picoamperes;
F(1,74) = 0.25, p=0.62) using a two-way
ANOVA, but as expected, we found a signif-
icant effect of ISO treatment (F(1,74) = 12.71,
p, 0.001). Planned comparisons using
Bonferroni’s correction revealed a signifi-
cant effect of ISO exposure in WT (t(74) =
2.894, p=0.0100), and a trend in TgF344-
AD rats (t(74) = 2.083, p= 0.081; Fig. 5C).
Importantly, there were no differences
between genotypes without ISO exposure
(t(74) = 0.46, p. 0.99), and the datapoints
match perfectly when overlaid (Fig. 5C),
demonstrating that the quality of the voltage
clamp is shared between groups. Additional
analysis reveals that charge displacement
(picocoulombs) was not different between
genotypes (F(1,74) = 0.07, p= 0.79) but was
different by ISO treatment (F(1,74) = 16.63,
p=0.0001). Planned comparisons following

Bonferroni’s correction revealed a significant difference of ISO
exposure in WT rats (t(74) = 3.118, p=0.0052) and TgF344-AD
rats (t(74) = 2.64, p= 0.020; Fig. 5D). Decay time was near the sta-
tistical cutoff between genotypes (F(1,74) = 3.41, p=0.069), but
was different by ISO treatment (F(1,74) = 7.67, p= 0.007). Planned
comparisons using Bonferroni’s correction revealed no signifi-
cant difference between vehicle and ISO exposure in WT rats
(t(73) = 0.86, p=0.63), but a significant difference in TgF344-AD
rats (t(73) = 3.47, p=0.002), accounting for a 63.476 18.3%
increase in decay time in ISO (Fig. 5F,G). Together, these data
suggest that heightened b -AR function in the DG of TgF344-
AD rats is associated with enhanced decay times for VGCCs.

Enhanced LTP magnitude at MPP–DCG synapses in the
TgF344-AD rat is dependent on heightened b-AR function
Our laboratory previously reported increased LTP magnitude
induced by HFS at MPP–DGC synapses, but not at CA3–CA1
synapses at 6 months of age in TgF344-AD rats compared with
WT rats (Smith and McMahon, 2018). Since activation of
b -ARs facilitates LTP induction and increases LTP magnitude
(Dahl and Sarvey, 1990; Dahl and Li, 1994; O’Dell et al., 2015;
Hagena et al., 2016), we hypothesized that the heightened b -AR
function might be responsible. To test this, we partially blocked
b -ARs using a low concentration of the competitive b -AR an-
tagonist PROP (3 mM) and induced LTP at MPP–DGC synapses
in slices from TgF344-AD and WT rats. Because pharmacologi-
cal inhibition of b -ARs can prevent LTP at MPP–DGC synapses
in control animals (Swanson-Park et al., 1999; Hansen and
Manahan-Vaughan, 2015), it was critical that the PROP concen-
tration used had no effect on the LTP magnitude in WT rats.
Recordings from TgF344-AD and WT rats were interleaved by
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Figure 3. b -AR activation is sufficient to induce heightened synaptic potentiation at MPP–DGC synapses in TgF344-AD
rats. A, Bath application the b -AR selective agonist ISO (10 mM) elicits the same magnitude potentiation of the fEPSP at
MPP–DGC synapses in both genotypes that returns to baseline by 40min postwashout (t(9) = 0.0302, p= 0.9766; WT,
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tion [non-WT (nWT) = 7; non-Tg (nTg) = 8]. Representative averaged fEPSP traces from WT (black) and Tg (red).
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ISO (p, 0.0001; D; WT, n= 6; Tg, n= 4). E, The b 1-AR selective antagonist metoprolol (20 mM) completely prevented
the synaptic potentiation in both genotypes induced by ISO (1 mM) stimulation (p. 0.1; WT, n= 3; Tg, n= 3). All data
are from 9- to 10-month-old male Tg and WT rats, and values are the mean6 SEM.
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genotype and treatment (Fig. 6A,B). We con-
firmed that the strength of baseline transmis-
sion was not different between groups by
averaging the final 5 min of the non-normal-
ized fEPSP slope (in millivolts per millisec-
ond; one-way ANOVA, p. 0.05). All
experimental groups had significant LTP
measured 40min post-tetanus administration
compared with baseline (paired t test,
p, 0.05). However, LTP magnitude was sig-
nificantly different between groups (one-way
ANOVA: F(3, 38) = 4.192, p= 0.012), with
planned comparisons demonstrating that
untreated TgF344-AD rats had a greater
magnitude of LTP compared with WT rats
(q(38) = 3.323, p=0.006), confirming our pre-
vious findings (Smith and McMahon, 2018).
Importantly, 3 mM PROP had no effect on the
magnitude of LTP in WT compared with
untreated WT rats (q(38) = 0.488, p= 0.929).
Remarkably, partial blockade of b -ARs with
3 mM PROP completely restored the LTP
magnitude in TgF344-AD rats to healthy WT
levels (q(38) = 1.164, p= 0.518; Fig. 6A).

To determine whether an even lower con-
centration of PROP is sufficient to reduce the
magnitude of TgF344-AD rat LTP, we used 1
mM PROP and obtained the same results (F(3,
37) = 3.37, p=0.029). Specifically, untreated
TgF344-AD rats had significantly heightened
LTP compared with WT (q(37) = 2.506,
p=0.0439), yet PROP-treated Tg and WT
were not different (TgPROP: q(37) = 0.6017,
p=0.879; WTPROP: q(37) = 0.1699, p=0.997;
Fig. 6B). Together, these data show that the
heightened b -AR function causes the increased
LTP magnitude at MPP–DGC synapses in
TgF344-AD rats, providing a mechanistic ex-
planation for the enhanced LTP.

We also previously reported heightened
steady-state depolarization (SSD) at MPP–
DGC synapses in TgF344-AD rats during
administration of the tetanus used to induced
LTP (Smith and McMahon, 2018). Therefore,
we next sought to determine the role of
heightened b -AR function on SSD after teta-
nus administration. SSD values were binned,
normalized, and combined to permit statisti-
cal comparison (Fig. 6C2). The SSD was cal-
culated by comparing the magnitude of the voltage deflection
from baseline fEPSP once depolarization reaches steady state
(determined via inflection point; Fig. 6C1). This value was found
by square transforming the individual waveform and using an
exponential curve fit (y = aebx), where the time and magnitude of
the fEPSP are calculated. The time to reach SSD was the same
between groups (one-way ANOVA: F(3,80) = 0.035, p= 0.99; Fig.
6C3). However, significant group differences in the tetanus-
induced SSD magnitude were detected (F(3,80) = 3.84, p=0.014).
Specifically, while a Dunnett’s test planned comparison demon-
strated a significant increase in the SSD in untreated TgF344-AD
rats compared with WT rats (q(80) = 2.928, p=0.012), there was
no difference in the SSD magnitude between PROP-treated Tg
and untreatedWT rats (q(80) = 1.377, p=0.379), or PROP-treated

WT (q(80) = 0.083, p=0.999) and untreated WT rats, recapitulat-
ing the LTP data (Fig. 6C4). These findings indicate that the
heightened b -AR function contributes to the increase in teta-
nus-induced SSD in TgF344-AD rats.

Enhanced sensitivity of b-ARs facilitates NOR and masks a
cognitive deficit in extinction learning in TgF344-AD rats
Despite significant AD pathology and altered synaptic function
beginning at 6months of age in TgF344-AD rats (Cohen et al.,
2013; Smith and McMahon, 2018), performance in hippocam-
pus-dependent spatial tasks such as Morris water maze or Barnes
maze is surprisingly not different fromWT rats (Berkowitz et al.,
2018; Pentkowski et al., 2018; Voorhees et al., 2018). At 9 months
of age, reference memory in a T-maze is altered, but not working

Figure 4. Phospho-ERK is enhanced in TgF344-AD rats with short-term ISO exposure, but phospho-GluA1 enhance-
ment is not different between genotypes. A, Representative schematic of canonical b 2-AR downstream cascade (Joiner
et al., 2010; Hagena et al., 2016; Patriarchi et al., 2018). B1–B3, Representative blots of phosphorylated ERK and total
ERK. L, Ladder; 0, (no ISO exposure); 30, (30 s ISO) (1 mM) exposure; (60, 60 s ISO) (1 mM) exposure; (120, 120 s ISO)
(1 mM) exposure. B1, Representative blot of phospho-ERK44 and ERK42 with loading control GAPDH and total ERK. B2,
B3, Individual samples from WT (black) and Tg (red) rats are not different at baseline (left bar chart) for either ERK42
(B2) or ERK44 (B3). The 120 s ISO exposure significantly increased pERK/total ERK (tERK; right scatter plot; thin lines rep-
resent individual samples; bold line represents averaged data) in Tg rats (p, 0.05), but not in WT rats (p. 0.1; B2,
right). The same was true for ERK44 in Tg rats (p, 0.05) and no increase in WT rats (p. 0.1; B3, right). C1,
Representative blot of phosphorylated Ser845 on GluA1, total GluA1, and loading control GAPDH (see arrows). C2,
Individual samples from WT (black) and Tg (red) rats were not different at baseline (C2, left). Both genotypes had signif-
icantly enhanced pS845-GluA1 levels (p, 0.001), but there was no difference between genotypes (p. 0.1; thin lines
represent individual samples; bold line represents averaged data). All data are from 9- to 10-month-old Tg (n= 16) and
WT (n= 17) rats, and grouped values are the mean6 SEM. ns, not significant. *p� 0.05, **p� 0.01.
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memory in a Y-maze (Tournier et al., 2020). Together, these data
suggest that compensatory mechanisms must be maintaining
function, but certain tasks may be more vulnerable to deteriora-
tion. b -ARs play a key role in memory acquisition and cognitive
flexibility (Berridge and Waterhouse, 2003; Hagena et al., 2016),
suggesting that heightened b -AR function might support per-
formance in hippocampus-dependent tasks early in the disease.
In fact, driving LC function through chemogenetic stimulation
later in the disease abolished the deficit in spatial reversal learn-
ing in 16-month-old TgF344-AD rats (Rorabaugh et al., 2017).
To determine whether memory and cognitive flexibility are reli-
ant on the heightened b -AR function, we partially blocked them
in two behavioral assays that depend on b -AR function (Kemp
and Manahan-Vaughan, 2008; Sara, 2009; Do-Monte et al.,
2010).

WT and TgF344-AD rats (10–11months of age) were tested
in a NOR task, as novelty is tightly associated with heightened
LC function and requires b -AR function in hippocampus
(Kemp and Manahan-Vaughan, 2008; Sara, 2009). All rats were
implanted with cannulas in the lateral ventricles to deliver vehi-
cle or PROP intracerebroventricularly 30 min before exposure to
the arena each day (Fig. 7A). On day 1, all rats received a vehicle
infusion and were acclimated to an empty arena for 5min. On
day 2, WT and TgF344-AD rats were randomly assigned and
received either PROP [2mg/animal, 1mg/5ml per hemisphere (as
in the study by Kemp and Manahan-Vaughan, 2008)] or an
equal volume of 0.9% saline vehicle before exposure to the arena
containing two identical objects (Fig. 7B), where they were
allowed to explore for 5 min. The purpose of PROP infusion on
day 2 was to limit the involvement of b -AR activation on mem-
ory acquisition. On day 3, all rats received a vehicle infusion, and
subsequently were placed into the arena that contained one fa-
miliar and one novel object and were allowed to explore for 5
min. The total distance traveled per group was compared across
days with a two-way RM ANOVA showing a significant effect of
day (F(2, 154) = 43.85, p, 0.0001). Bonferroni-corrected multiple
comparisons revealed a significant difference between vehicle-
treated WT and TgF344-AD only on day 3 (t(231) = 2.460,
p= 0.044; Fig. 7C). A discrimination index (DI) was generated
(time spent exploring novel object – time spent exploring famil-
iar object divided by the total time spent exploring objects
[(objN – objF)/objTotal]; Fig. 7B) to determine whether NOR
occurred.

Before determining whether differences in NOR exist across
treatment and genotype groups, we first asked whether there was
significant NOR in each experimental group. To do this, we
compared the discrimination index calculated on day 3 against
chance (DI score = 0) using an independent-samples t test.
Surprisingly, we found that vehicle-treated WT rats did not dis-
play significant NOR (t(17) = 0.044, p= 0.97), while vehicle-
treated TgF344-AD rats appeared to, with a p value just .0.05
(t(10) = 2.13, p= 0.059, 95% CI = �0.017 to 0.79; Fig. 7C).
Importantly, and in support of the hypothesis, when the TgF344-
AD rats were treated with PROP, the discrimination index was
not significantly different from chance (t(11) = 0.034, p=0.97),
indicating that b -ARs must be driving the NOR displayed in the
vehicle-treated TgF344-AD rats. When WT rats were treated
with PROP, similar to vehicle-treated WT rats, the discrimina-
tion index was not different from chance, indicating a lack of NOR
(t(20) = 0.27, p=0.79). Together, these data suggest that the height-
ened b -AR function facilitates NOR in TgF344-AD rats, similar to
the heightened b -AR function driving enhanced LTP magnitude
(Fig. 4). Of note, our finding of significant NOR in TgF344-AD rats
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but not in WT rats is reminiscent of significant NOR in 5XFAD
mice but not inWTmice (Braun and Feinstein, 2019).

Next, the same cohort of WT and TgF344-AD rats, keeping
the treatment groups as in NOR, underwent a contextual fear
conditioning with a single learning trial followed by three extinc-
tion trials. Rats spent 7min in a novel context and were shocked
three times (0.5mA, 1 s duration, 1min interval) to induce fear
learning before removal from the chamber (Fig. 7A,E2). To
determine the effect of b -ARs on fear extinction learning, rats
were infused with PROP or saline 30min before being returned
to the context/box for extinction learning on days 2, 3, and 4
without shock (Fig. 7A,E3). Time spent freezing was measured
and compared. Although TgF344-AD rats spent significantly
more time moving before shock at baseline, as determined by an
unpaired t test with Welch correction for nonequal variance
(t(28.09) = 2.67, p= 0.013), there were no significant differences in
fear memory (one-way ANOVA, percentage of freezing on day
2: F(3, 58) = 1.74, p= 0.17; Fig. 7E2). A two-way RM ANOVA
across days 2–4, with planned comparisons for the final fear
extinction exposure on day 4, revealed a significant main effect
of day (F(2,114) = 12.73, p, 0.0001), but no interaction or main
effect of treatment (F(6,114) = 0.1913, p= 0.1913; F(3,57) = 2.144,
p=0.10, respectively; Fig. 7E). Dunnett’s corrected planned com-
parisons were made between each group versus WT control to
assess normal fear extinction learning. Remarkably, only the

TgF344-AD rats treated with PROP were significantly different
on day 4 (q(228) = 3.879, p=0.0004), demonstrating that blocking
b -ARs inhibits their ability to successfully learn fear extinction,
resulting in 27.23% increase in freezing time compared with WT
control rats. Importantly, PROP infusion in WT rats had no
effect on their ability to extinguish the contextual fear response.
Together, these results show a greater reliance on b -AR function
in fear extinction learning in TgF344-AD rats.

Discussion
The TgF344-AD rat model with human mutations in the APPswe
and PS1DE9 genes (Cohen et al., 2013) has early endogenous
pTau accumulation in LC and hippocampal NA axon degenera-
tion during prodromal AD (Rorabaugh et al., 2017), recapitulat-
ing human AD (Booze et al., 1993; Gulyás et al., 2010; Braak et
al., 2011). This pathology is unique to the TgF344-AD rat, mak-
ing it a powerful preclinical model to reveal the consequences of
NA system dysfunction on hippocampal synaptic physiology and
learning and memory during the earliest phases of the disease.
Excitatory inputs from the EC to DG dysfunction first in human
AD (Khan et al., 2014) and also in TgF344-AD rats, where we
reported decreased strength of basal excitatory transmission at
MPP–DGC synapses before CA3–CA1 synapses, and heightened
LTP magnitude only at MPP–DGC synapses (Smith and

minutes
0 20 40 60

1.0

1.5

no
rm

al
iz

ed
 fE

PS
P 

sl
op

e

a. b.

Wt
WtPROP 1µM
Tg
TgPROP 1µM

a.

b.

a.

b.

a.

b.
a.
b.

0.2m
V

10ms

minutes
0 20 40 60

1.0

1.5

no
rm

al
iz

ed
 fE

PS
P 

sl
op

e

a. b.

Wt
WtPROP 3µM
Tg
TgPROP 3µM

0.2m
V

10ms

a.

b.

a.

b.

a.

b.

a.

b.

%
∆ 

no
rm

. f
EP

SP
 s

lo
pe

0

40

80
PROP 1μM

0

40

80

%
∆ 

no
rm

. f
EP

SP
 s

lo
pe

PROP 3μM

time to
inflection point (τ)

0.10 0.15 0.20t (s)

Wt
WtPROP
Tg
TgPROP

-0.4

-0.3

-0.2

-0.1

0.0

fE
PS

P 
m

ag
ni

tu
de

at
 in

fle
ct

io
n 

po
in

t (
†
) **

m
V

m
V

-0.7
-0.4

-0.3

-0.2

-0.1

0.0
time (S)0.2 0.4 0.6time (S)

-0.6

-0.4

-0.2

0.0

m
V

0.2 0.5 0.6

100Hz tetanus

τ †

A1 B1

A2 B2 1C C2

C3 C4

Figure 6. Heightened LTP at MPP–DGC synapse in the TgF344-AD rat is dependent on the enhanced function of b -ARs. A1, Acute hippocampal slices from 6-month-old WT and Tg rats
were recorded across the MPP–DGC synapses with or without a low dose of PROP (3 mM; WT, n= 13; WTPROP, n= 11; Tg, n= 9; TgPROP, n= 8). B1, Acute hippocampal slices from the same
animals were run in parallel in which the concentration of PROP was threefold lower (1 mM). A1–B2, Arrow, HFS was delivered after 20 min stable baseline. Baseline fEPSP slope t(a: 16–20
min) was compared against those 40min post-tetanus administration t(b: 61–65 min). All groups successfully potentiated (p, 0.05). Prenormalized baseline values were not different
between experimental groups in the (3 mM) or (1 mM) electrophysiology setup results (p, 0.05). A2, Groups on the (3 mM) electrophysiology setup were different at time 60 (b; p, 0.05)
with planned comparisons against the WT control, which was only different from Tg (p, 0.01), and not WTPROP (p. 0.1) or TgPROP (p. 0.1; B2) Groups on the 1mM electrophysiology setup
were different at time 60 (b; p, 0.05) with planned comparisons against the WT control, which was only different from Tg (p, 0.05), and not WTPROP (p. 0.1) or TgPROP (p. 0.1). C1–
C4, Evaluation of steady-state depolarization (SSD) during tetanus. C1, Representative fEPSPs during tetanus displaying the time to the inflection point (t ) and the magnitude of the depolari-
zation (†) as calculated by curve fitting. C2, Standardized and binned fEPSPs with stimulus artifacts removed were combined. C3, No differences in the time to reach SSD (p. 0.1). C4,
Significant group differences were detected in the magnitude of the fEPSP at the inflection point (p, 0.05). Planned comparisons to WT control were not significant for WTPROP (p. 0.1) or
TgPROP (p. 0.1), but were significantly elevated for TgCont (p, 0.05). All grouped values are the mean6 SEM. **p� 0.01.

5756 • J. Neurosci., June 30, 2021 • 41(26):5747–5761 Goodman et al. · Heightened b -AR Function in the TgF344-AD Rat



McMahon, 2018). Since b -AR activation increases synaptic plas-
ticity at MPP–DGC synapses (Pelletier et al., 1994; Lethbridge et
al., 2014; O’Dell et al., 2015; Hagena et al., 2016) and facilitates
learning and memory (Hagena et al., 2016) in healthy animals,
heightened b -AR function linked to AD pathology could main-
tain hippocampal function early in the disease, despite the
increase in Ab production (Ni et al., 2006). Here, we tested this
hypothesis and report that significant loss of NA axons in

hippocampus is associated with heightened b -AR-induced syn-
aptic potentiation at MPP–DGC synapses, which drives the
increase in LTP magnitude. Furthermore, we find that TgF344-
AD rats are more reliant on b -ARs during extinction learning
compared with WT rats and that b -ARs facilitate NOR in
TgF344-AD rats. Thus, our findings are consistent with the inter-
pretation that a compensatory increase in b -AR function, tem-
porally linked with the loss of NA axons in hippocampus and

Figure 7. Enhanced function of b -ARs may provide gain of function for NOR and masks a cognitive deficit in extinction learning. A, Representative schematic of behavioral assays and pre-
paratory procedures. B, Representative schematic of bilateral lateral ventricle infusion of rats and NOR box size and object distribution. C, Total distance moved on days 1, 2, and 3 of NOR di-
vided by group. Data show a significant effect of day (p, 0.0001). Planned comparisons demonstrate the only significant difference between groups by day is day 3 WtV and TgV (p, 0.05).
D, DI [(Nov – Fam)/Total] for each group (WtV, n= 15; WtP, n= 17; TgV, n= 8; TgP, n= 7). The discrimination index in each experimental group was independently compared against chance
(DI=0) and reveals that TgV rats displayed significant NOR at the p, 0.06 level (‡). Other groups were not different from chance, each (p. 0.1; 1 for mean value and mid-line of box
denotes median value). E1–E4, Graphs of fear conditioning and fear extinction (WtV, n= 22; WtP, n= 19; TgV, n= 11; TgP, n= 11). E1, Baseline freezing was assessed before shock to show
significant differences in baseline freezing (p, 0.05). E2, Graph of freezing during baseline (BL) and freezing during the 1 min interval (i) following each shock. E3, Graph of day 2, day 3, and
day 4 showing the steady reduction of freezing over time. Data show that, compared with WtV (control) levels, there was no significant difference of group (p. 0.1) but there was a signifi-
cant effect of day (p, 0.0001). Planned comparisons show that only TgP was different from WtV on day 4 (p, 0.01) in which TgP spent 27.23% more time freezing. E4, All groups learned
the fear memory as determined via paired t tests (p, 0.0001). E5, Individual data points from day 4 showing the distributions between groups. All grouped data show the mean6 SEM. ns,
not significant. *p� 0.05, ‡p� 0.06.
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increased Ab accumulation, enhances synaptic function that
supports some forms of learning and memory during prodromal
AD.

Initial investigation of the NA fiber density in TgF344-AD
rats using immunohistochemical staining against the NE trans-
porter showed reduced density at 16 months but not at 6 months
(Rorabaugh et al., 2017). We expanded on these findings and
report no genotype difference at 3 months of age but a modest
yet significant reduction of TH1 fiber density in TgF344-AD rats
at 6 months of age. Although anti-TH immunohistochemistry
will also identify dopaminergic axons, in hippocampus, LC NA
axons are the major source of dopamine (Kempadoo et al.,
2016), suggesting that the loss of TH1 axons we observed origi-
nate primarily from the LC. Importantly, our finding of reduced
TH1 fiber density in hippocampus occurs precisely within the
temporal window when pTau is first found in the LC
(Rorabaugh et al., 2017), amyloid b deposits form in hippocam-
pus (Fig. 1A, arrow; Rorabaugh et al., 2017), and heightened LTP
occurs at MPP–DGC synapses (Smith and McMahon, 2018).
These overlapping windows of pathology onset provide sev-
eral potential mechanisms, which may account for reduced
fiber density in hippocampus. pTau accumulation in the LC
is associated with reduced synaptic connections between LC
neurons and mitochondrial dysfunction, which is only pres-
ent in pTau-bearing LC cells (Andrés-Benito et al., 2017),
suggesting that afflicted cells may be unable to maintain the
health of long-range axons in hippocampus. Also during
this time frame, there is enhanced macrophage concentra-
tion in LC of TgF344-AD rats (Rorabaugh et al., 2017),
which is consistent with the idea that immune responses to
heightened inflammatory markers such as IL-1b seen in
pTau containing human LC, may subject them to immune-
triggered destruction (Andrés-Benito et al., 2017). In addi-
tion, P301S pTau containing TH1 LC primary mouse cell
cultures also contain truncated projections, highlighting
the neurotoxic effects of pTau on neuron fibers (Rorabaugh
et al., 2017). Alternatively, the accumulation of Ab within
hippocampus may create an environment not conducive to
support the health of NA axons. Specifically, Ab interacts
with and downregulates neurotrophin receptors TrkA and
p75NTR (Olivieri et al., 2002; Benilova et al., 2012; De
Strooper and Karran, 2016) and NT-4/5 levels in hippocam-
pus and cerebellum (Hock et al., 2000), which are important
for LC cell survival (Friedman et al., 1993) and for stimulat-
ing neurite regrowth (Nelson et al., 2014). Because the
TgF344-AD rats recapitulate many of the pathologic fea-
tures in human AD, the mechanisms causing NA axon
degeneration as the disease progresses might be important
for future studies to investigate.

Enhanced LTP magnitude at MPP–DGC synapses was first
reported in APP/PS1 transgenic mice more than a decade ago
(Yoshiike et al., 2008), yet the mechanism driving this height-
ened plasticity has been unresolved. Here, we found that loss of
hippocampal TH1 axons in TgF344-AD rats beginning at
6months of age is temporally associated with the heightened
LTP magnitude at MPP–DGC synapses we previously reported
(Smith and McMahon, 2018). Because pharmacological activa-
tion of b -ARs at MPP–DGC synapses enhance LTP magnitude
in control conditions (Pelletier et al., 1994; Lethbridge et al.,
2014; O’Dell et al., 2015; Hagena et al., 2016), and their activation
can prevent acute neurotoxic inhibition of LTP by application of
Ab in acute rat MPP–DGC slices (Wang et al., 2009), we were
prompted to test whether the heightened activity of b -ARs at

MPP–DGC synapses could be driving the heightened LTP we
previously reported. Remarkably, weak pharmacological inhibi-
tion of b -ARs using the selective antagonist, PROP, did not
affect the LTP magnitude at MPP–DCG synapses in WT rats but
eliminated the heightened LTP magnitude at MPP–DCG synap-
ses in TgF344AD rats, restoring it to WT levels. It is important
to note that dopamine also modulates LTP magnitude in hippo-
campus (Broussard et al., 2016; Papaleonidopoulos et al., 2018),
and it is released by LC NA axons (Lim et al., 2010; Kempadoo et
al., 2016). However, the restoration of LTP magnitude in
TgF344-AD rats to the WT level confirms the role of NE rather
than dopamine. Importantly, this compensatory mechanism
may explain the enhanced MPP–DGC LTP magnitude reported
previously in the B6.152H and APP/PS1 transgenic AD mouse
models (Yoshiike et al., 2008; Poirier et al., 2010). It is also im-
portant to note that CA3–CA1 synapses contain far fewer
b -ARs than MPP–DGC synapses, which likely explains our
observed lack of heightened LTP magnitude at CA3–CA1 synap-
ses in TgF344-AD rats (Smith and McMahon, 2018). Finally,
LTP is reduced in the vast majority of transgenic AD mouse
models (Selkoe, 2002; Koppensteiner et al., 2016; Mango et al.,
2019), suggesting that b -AR function is not enhanced and the
toxic effects of Ab are prevailing. Thus, our results provide a cel-
lular mechanism for an otherwise unexplained enhancement of
LTP at MPP–DGC synapses.

One possible mechanism for the heightened b -AR function
is upregulated expression, which occurs following denervation
(Harro et al., 1999). However, the temporal association with
Ab accumulation and the known binding of Ab to b 2-ARs
that enhance their function could also explain the height-
ened b -AR function (Wang et al., 2010, 2011). It may be
more likely that the heightened LTP magnitude is a conse-
quence of increased receptor expression, since increased
Ab typically causes deficits in LTP (Rowan et al., 2003), not
heightened LTP. Furthermore, b -ARs are also expressed by
neuroglia and microvessels throughout the hippocampus
and are thought to increase in number following LC dener-
vation (Kalaria et al., 1989a,b). Because astrocytes can mod-
ulate synaptic plasticity (Henneberger et al., 2010; Adamsky
et al., 2018), we cannot rule out a contribution of b -ARs on
glia to the heightened LTP and behavioral effects in the
TgF344-AD rat, and perhaps in AD patients as well.
Clearly, additional studies are needed to determine the cel-
lular and molecular mechanisms driving the heightened
b -AR function.

Our finding of heightened b -AR function in TgF344-AD rats
raises the question of their behavioral significance. Despite the
significant pathology at 6–9months of age and synaptic altera-
tions (Smith and McMahon, 2018), many forms of learning and
memory have been reported to be largely unaffected (Cohen et
al., 2013; Rorabaugh et al., 2017; Berkowitz et al., 2018;
Pentkowski et al., 2018; Voorhees et al., 2018), mimicking the
preclinical or prodromal stage of AD in humans (Sperling et al.,
2011). Consistent with our finding that heightened b -AR func-
tion causes heightened LTP magnitude, they also appear to facili-
tate NOR in TgF344-AD rats under conditions where there is no
significant NOR in WT control rats. Importantly, our finding of
facilitated NOR in TgF344-AD mirrors enhanced NOR in the
5xFAD mouse model (Braun and Feinstein, 2019), suggesting
the possibility that heightened function of b -ARs is responsible
for this behavioral advantage in the 5xFAD model as well.
Moreover, partial blockade of b -ARs unmasked a deficit in fear
extinction learning only in TgF344-AD rats, indicating a stronger
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reliance on b -ARs for behavioral competency. This is an impor-
tant finding since patients with aMCI and early AD have
impaired fear extinction (Nasrouei et al., 2020). In the APP/PS1
and 3xTg mouse models, pharmacologically blocking b 2-ARs
increased escape latency in the Morris water maze without affect-
ing performance in WT rats (Branca et al., 2014; Wu et al.,
2017), yet activating b 1-ARs in the 5xFAD model was deleteri-
ous (Ardestani et al., 2017). Clearly, b -ARs have important, yet
underappreciated, roles in maintaining synaptic plasticity and
some hippocampus-dependent behaviors in early stages of AD.

In conclusion, our results provide evidence of heightened
b -AR function in a preclinical AD rat model that is temporally
associated with loss of noradrenergic innervation and Ab plaque
deposition in hippocampus and pTau accumulation in LC
(Rorabaugh et al., 2017). Importantly, heightened b -AR func-
tion is responsible for enhanced LTP at MPP–DGC synapses in
TgF344-AD rats that may also explain increased LTP at these
same synapses in some transgenic mouse models of AD
(Yoshiike et al., 2008; Poirier et al., 2010). Finally, the heightened
synaptic plasticity driven by increased function of b -ARs likely
underlies the preservation of some types of learning and mem-
ory, which may have major implications for cognitive function
in early phases of AD in patients.
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