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A B S T R A C T

Aim: To evaluate the therapeutic potential of ligands of beta-adrenoceptors in cognitive disorders. Testosterone
and adrenergic pathways are involved in hippocampal and emotional memory. Moreover, is strongly suggested
that androgen diminishing in aging is involved in cognitive deficit, as well as beta-adrenoceptors, particularly
beta2-adrenoceptor, participate in the adrenergic modulation of memory. In this regard, some animal models of
memory disruption have shown improved performance after beta-drug administration.
Material and methods: In this work, we evaluated the effects of agonists (isoproterenol and salbutamol) and
antagonists (propranolol and carvedilol) on beta-adrenoceptors in orchiectomized rats, as well as their effects in
the performance on avoidance task and damage in hippocampal neurons by immunohistochemistry assays.
Key findings: Surprisingly, we found that both antagonists and salbutamol (but not isoproterenol) modulate the
effects of hormone deprivation, improving memory and decreasing neuronal death and amyloid-beta related
changes in some regions (particularly CA1-3 and dentate gyrus) of rat hippocampus.
Significance: Two β-antagonists and one β2-agonist modulated the effects of hormone deprivation on memory
and damage in brain. The mechanisms of signaling of these drugs for beneficial effects remain unclear, even if
used β-ARs ligands share a weak activity on β-arrestin/ERK-pathway activation which can be involved in these
effects as we proposed in this manuscript. Our observations could be useful for understanding effects suggested
of adrenergic drugs to modulate emotional memory. But also, our results could be related to other pathologies
involving neuronal death and Aβ accumulation.

1. Introduction

The incidence and prevalence of diseases with cognitive deficit is
increasing, as well as the global burden of these pathologies [1,2].
Among these, Alzheimer's disease (AD) is a relevant malady [2,3]. AD
major features are the progressive memory lacking and the gradual and
irreversible disruption of cognitive functions that eventually lead to
dementia [4,5].

In several of these pathologies, cognitive deficit is related to a loss of
cholinergic neurons and a progressive decrease of acetylcholine (ACh)
[6]. However, other neurotransmitters and their neuronal systems have
also been involved in the etiology and pathogeny of cognitive deficit

[7,8]. Among these are the steroid hormones-dependent mechanisms
[9], particularly testosterone limitation by orchiectomy [10,11]. In the
central nervous system (CNS), hormone deprivation induces changes in
some neurotransmitters and their receptors, which are related to the
processes observed in cognitive disruption [12].

On the other hand, increasing innovative evidence exists about the
role of adrenergic pathways in memory modulation [13,14]. In this
sense, both adrenoceptors (ARs) agonists and antagonists have been
identified as modulators of cognitive processes. Ni et al. [15] reported
an increased amyloid-beta (Aβ) production involved in memory dis-
ruption after β2-adrenoceptor activation. In contrast, Valizadegan et al.
[16] reported an improved memory performance with salbutamol, and
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Dobarro et al. [17,18] found attenuated cognitive impairments by
propranolol administration linked to an improved profile of neuro-
pathology markers. Thus, the modulation of adrenergic pathways as a
therapeutic strategy is controversial [19]. Some researchers support the
use of agonists to decrease cognitive impairment [13,20–23], whereas
other support the use of antagonists for the same purpose
[17,18,24,25]. However, the classification of agonist and antagonist on
adrenoceptors remains judged by the reported action in the classical
cAMP-dependent pathway albeit increasing reports are regarding the
action on additional pathways as β-arrestin(β-arr)/ERK-pathways [26].

To the extent of our knowledge, this is the first study with the aim to
investigate the effects of β-ARs agonists and antagonists in the same
model of cognitive impairment. In this model, the action of β-ARs
agonists and antagonists mentioned as potential treatment for neuro-
degenerative diseases in murine models, and with the capacity to reach
the CNS after subcutaneous (s.c.) administration due to its lipophilicity
and ability to cross the blood-brain barrier [27–29], was evaluated to
assess neuroprotection. The observed behavior in the passive avoidance
task —a test involving emotional memory, strongly linked to the action
of catecholamine pathways, conversely to other memory tests and
disrupted by androgen deprivation [30,31]— was analyzed and asso-
ciated with neuronal damage and Aβ changes in the main regions of rat
hippocampus. The possible mechanisms as well as the putative involved
pathways for these effects are discussed further.

2. Material and methods

2.1. Animals

All experiments were performed according to the ARRIVE (Animal

Research: Reporting of In Vivo Experiments) guidelines. Male Wistar
rats (10-week-old and weighing 200–220 g) from the laboratory animal
house of Escuela Superior de Medicina (ESM), Instituto Politécnico
Nacional (IPN), Mexico City, were kept under standard conditions with
access to food and water ad libitum. They were free of known viral,
bacterial and parasitic pathogens, and housed in polystyrene cages in a
room under controlled humidity (50 ± 5%), temperature (20–25 °C)
and lighting (12 h light/dark cycle, lights on at 7 am). All the experi-
ments were carried out between 09:00 and 15:00 h. The current pro-
tocol was approved by the Ethics Committee and Institutional Animal
Care and Use Committee of the ESM, IPN, and in accordance with the
guidelines established by the Mexican Secretary of Agriculture and
Animal Breeding (NOM-062-ZOO-1999, SAGARPA) and the guides for
the Care and Use of Laboratory Animals of the National Research
Council. Animals were randomly assigned into six groups of study
(n = 8, N = 48). Sample size calculations were performed online using
Biomath (http://www.biomath.info/power/index.html).

2.2. Surgical and pharmacological treatments

For surgical procedure, rats were anesthetized with pentobarbital
(40 mg/kg/i.p.). Orchiectomy was performed through ventral incision
in the scrotum as described elsewhere [32]. Rats were randomly di-
vided into six experimental groups (n = 8). Group 1 (sham) and Group
2 (orchiectomized control) were treated with vehicle (saline solution
0.9%) daily for 35 days. The animals from the additional groups were
orchiectomized and treated by s.c. injection with salbutamol (a β2-AR
agonist, 4 mg/kg, Group 3), isoproterenol (a β-AR agonist, 0.5 mg/kg,
Group 4), propranolol (a β-AR antagonist, 10 mg/kg, Group 5) and
carvedilol (a β-AR antagonist, 5 mg/kg, Group 6) daily for 35 days.

2.3. Behavioral tests

For evaluating memory, the passive avoidance training (PAT) was
performed for every group. The PAT test was applied as reported pre-
viously [33] due to the relevant participation of hippocampal and
adrenergic processes [30,31]. In brief, we used a PAT-apparatus
(OMNIALVA®, Mexico) with two chambers: the safe (white) and the
shock (black) compartments. For training, each animal was placed in
the safety compartment for 10 s, and then the sliding door was lifted.
The latency to cross the threshold to the shock compartment was re-
corded (acquisition latency). Animals which spent > 100 s to cross to
the other side were excluded from the experiment. Once the animal
crossed with all four paws into the next compartment, the door was
closed and a 3 mA foot-shock was delivered for 5 s. The door was
opened and the time that the animal took to return to the safe com-
partment was measured (escape latency). For memory evaluation, the
animal remained there for 30 s before being returned to its individual
cage. Either 10 min (short-term memory) or 24 h (long-term memory)
after this training procedure, a retention test was performed. The an-
imal was again placed in the safety compartment for 10 s, and after the
door was opened, the time the animal remained in the safety com-
partment before entering the shock compartment was recorded (re-
tention latency). The test ended when the animal either entered the
shock compartment or remained in the safety compartment for 600 s
[34]. Memory evaluation was performed twice, one day before the
surgical procedure and after the treatment as previously reported (three
weeks after surgical procedure; [35,36]). An open field test was per-
formed for 5 min to discard any motor disturbance affecting memory
evaluation (see supplementary material). In brief, rats were placed into
motor activity measuring cages (50x50x50 cm, with detectors each
2.5 cm, OA-BioMed OMNIALVA®, Mexico) for determining the total
number of movements, distance traveled, highest speed, and vertical
movements.

Fig. 1. Post-treatment short- (A) and long-term (B) memory evaluation. Results
are expressed as mean ± Standard Error (n = 8). *p ≤ 0.05, **p < 0.01,
***p < 0.001 compared to orchiectomized control group (Gdx); Sal, salbu-
tamol; Iso, isoproterenol; Pro, propranolol; Car, carvedilol.
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2.4. Immunohistochemistry assays

After the behavioral evaluation, rats were anesthetized with pen-
tobarbital and perfused transcardially with 200 ml of ice-cold (4 °C)
sodium phosphate buffer (PBS) 0.1 M, pH 7.4, and a freshly prepared
fixative consisting of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The brain was removed immediately after perfusion and post-
fixed in ice-cold (4 °C) 4% paraformaldehyde, followed by 48 h in ice-
cold (4 °C) 30% sucrose in 0.1 M phosphate buffer for cryoprotection.
Coronal slices of brain (30 μm thick) were cut on freezing microtome
and stored at −20 °C in a solution containing 30% ethylene glycol, 30%
glycerol and PBS until immunohistochemical analysis.

Free-floating sections were incubated in PBS containing 3% H2O2
for 10 min and rinsed three times with PBS for 5 min. Subsequently,
sections were incubated in 0.1% Tween 20 in PBS (T-PBS) for 10 min,
then incubated in 0.5% bovine serum albumin (BSA, GE Health Care,
UK) in T-PBS for 2 h. Finally, sections were incubated with the primary
antibody anti-βA1-24 (1:1000, ABBIOTEC, CA, USA) or anti-NeuN
(1:1000, Millipore, MA, USA) at 4 °C for 48 h. The following day, sec-
tions were rinsed three times in T-PBS for 5 min and incubated with a
biotinylated secondary antibody and a peroxidase-labeled streptavidin
reagent (LSAB System-HRP Kit; DAKO, CA, USA) for 30 min each.
Antibody labeling was visualized by exposure to 3–3′-diaminobenzidine

(DAKO, CA, USA). Omission of primary or secondary antibodies as
negative controls resulted in the absence of immunolabeling. Finally,
sections were rinsed twice in PBS and mounted in Entellan solution
(Millipore, MA, USA). The number of βA1-24 or NeuN-positive neurons
was counted through random sampling bilaterally in two sections per
animal under a light microscope (magnification 40×) by two in-
dependent trained observers who were blind to the treatment for
avoiding biased appraisal. Cell counts from the right and left hemi-
spheres of each of the two sections were averaged to provide a single
value for each animal. From these data, the mean of these labeled
neurons in Cornu Ammonis (CA)1, CA2, CA3 and DG (Dentate Gyrus)
hippocampal areas (n = 4) was calculated for each experimental group.

2.5. Statistical analysis

Data were expressed as the mean ± S.E.M. One-way ANOVA fol-
lowed by Tukey's post hoc test was used in the case of parametric data.
For the data found in behavioral evaluation (Fig. 1), Kruskal–Wallis test
was employed as the data are not normally distributed, and compar-
isons were done by Dunn's post hoc test. Differences among data in
immunohistochemistry assays (Figs. 2 to 7) were identified by one-way
ANOVA followed by Tukey's post hoc test. Spearman's rho rank corre-
lation test was used to compare between NeuN neuron counts and Aβ

Fig. 2. Photomicrographs displaying Aβ plaques positive labeling seen in the CA1 (A to F): Sham (A), Gdx (B), salbutamol (C), isoproterenol (D), propranolol (E),
carvedilol (F). Magnification 40×. Scale bar represents 100 μm. Bars represent the number of positive Aβ-plaques in the hippocampus. Significant differences of
groups compared with Gdx group ( ± SEM, n = 4, **p < 0.01, ***p < 0.001).
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plaque counts. All statistical analyses were performed using Sigma Plot
12.0. Statistical significance was set at p < 0.05.

3. Results and discussion

3.1. Behavioral changes by hormone deprivation and the effect of early
treatment with beta-agonists or antagonists

The diminished cognitive performance in PAT was observed after
three weeks of orchiectomy, as previously reported [37,38]. Thus, a
significant decrease in latency [Fig. 1a; H = 34.669, DR = 25.25,
df = 5, p < 0.05 and Fig. 1b; H = 29.378, DR = 25.75, df = 5,
p < 0.05] was registered in comparison with homogeneous pre-sur-
gical gonadectomy behavior [Suppl. Fig. 1, all p > 0.09]. These
shorter latencies have been attributed to the decreased levels of an-
drogens in rats [39,71] as some memory deficits have been related to
androgens decreasing in humans [40,41]. In rats, testosterone de-
creasing causes effects in the synthesis and degradation of key neuro-
transmitters such as acetylcholine and catecholamines [42], as well as
disrupted expression of the receptors and proteins of signaling path-
ways related to their effects on the CNS [43].

The administration of the β-ARs antagonists, propranolol or carve-
dilol, but also the β2-ARs agonist salbutamol increased the retention
latency in the evaluation of short-[Fig. 1a; H = 34.669, DR ≥ 24.375,
df = 5, p < 0.05] and long-term [Fig. 1b; H = 29.378, DR ≥ 21.625,
df = 5, p < 0.05] memory. However, the administration of β-ARs
agonist isoproterenol did not improve significantly the performance in
PAT evaluations [Fig. 1; DR ≤ 9.625, df = 5, p > 0.05]. These results
are noteworthy, since other cases of biological effects of antagonists
shared with agonists, specifically with salbutamol, have been reported.
For example, the shared effect of antagonists and salbutamol in the
decrease of cell migration in a breast cancer cell-line [44]. Moreover,
the improved performance induced by propranolol and salbutamol in
an avoidance learning task has been reported previously [45,46].

No significant differences were observed in the motor performance
open field test in the pre-surgical, pre-treatment or post-treatment
evaluations [Suppl. Fig. 2, all p > 0.08], which is important to discard
motor disruption affecting avoidance performance. It should be men-
tioned that due to limitations of the used PAT test to evaluate spatial
and non-emotional memory, which are linked to AD and other cognitive
disorders in humans, the use of additional behavioral test is desirable to
evaluate the effects of adrenergic drugs.

Fig. 3. Photomicrographs displaying Aβ plaques positive labeling seen in the CA2/CA3 (A to F): Sham (A), Gdx (B), salbutamol (C), isoproterenol (D), propranolol
(E), carvedilol (F). Magnification 40×. Scale bar represents 100 μm. Bars represent the number of positive Aβ-plaques in the hippocampus. Significant differences of
groups compared with Gdx group ( ± SEM, n = 4, **p < 0.01, ***p < 0.001).
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3.2. Effects on beta amyloid presence and neuronal survival in hippocampus

Significative differences were observed between sham and orch-
iectomized groups in all measured immunohistochemistry assays
[Figs. 2–7; F(5,19) ≥ 13.08, p < 0.001]. Orchiectomy reduced neu-
ronal survival and increased the changes associated to amyloid pre-
sence after hormonal deprivation, surgical procedures or drugs ad-
ministration [47–49]. Figs. 2–7). In the analysis of both Aβ presence
and cells marked with NeuN, our results showed that the administration
of antagonists and agonists of β-ARs exert neuroprotection in CA1, CA2
and CA3 and DG hippocampal areas (Suppl. Fig. 3, Figs. 2–7). Parti-
cularly, all administered drugs reduced Aβ presence in all the analyzed
areas [Figs. 2–4; F(5,19) ≥ 35.23, all p < 0.05], except for iso-
proterenol in CA2/CA3 [Fig. 3; F(5,19) = 0.44, p = 0.89].

In fact, our results support that antagonists like propranolol [17,18]
or carvedilol [50–52] diminish the changes related to Aβ presence; in
addition, one of the two β-agonists tested (salbutamol) also decreased
such changes. To the best of our knowledge, these results have not been
reported previously, though other authors have reported improved
performance in memory with the administration of β-agonists [16,45].

Regarding NeuN-positive cells, the administration of β-antagonists

reduced the loss of neurons by androgen deprivation [53,54] in all the
analyzed areas (p < 0.05); salbutamol reduced the loss of neurons in
CA1 and DG [Fig. 5; F(5,19) = 42.89, p < 0.001 and Fig. 7; F
(5,19) = 61.87, p < 0.001] but not in CA2/CA3 [Fig. 6; F
(5,19) = 0.31, p = 0.71], while isoproterenol did not induce significant
changes [all p > 0.05] in the number of cells in any area when com-
pared with the group of orchiectomized rats. These results agree with
the reported neuroprotective effect of propranolol, an antagonist [51],
and clenbuterol, a selective β2-agonist like salbutamol, on the number
of NeuN-positive neurons in DG hippocampal area [20].

Regarding correlation, the Spearman's rho value of −0.686 was
obtained suggesting an inverse relationship between Aβ presence and
the total number of cells marked with NeuN. These results on Aβ pre-
sence and neuronal survival could be associated with behavior since
isoproterenol was the one compound which failed to improve perfor-
mance in PAT, and it did not diminish Aβ presence or increase neuronal
survival. Regarding specific hippocampal areas related with improved
performance in behavioral tests, Ji et al. [55] suggested a key role of β-
ARs in CA1, area on which propranolol, carvedilol, and salbutamol
seemed to exert neuroprotective effects.

Fig. 4. Photomicrographs displaying Aβ plaques positive labeling seen in the DG (A to F): Sham (A), Gdx (B), salbutamol (C), isoproterenol (D), propranolol (E),
carvedilol (F). Magnification 40×. Scale bar represents 100 μm. Bars represent the number of positive Aβ-plaques in the hippocampus. Significant differences of
groups compared with Gdx group ( ± SEM, n = 4, *p < 0.05, ***p < 0.001).
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3.3. Mechanisms involved in behavior and neuronal changes induced by
adrenoceptor ligands

Multiple neural pathways may be modulated by hormone depriva-
tion; among these, testosterone deprivation modulates adrenergic
pathways [56]. Adrenergic signaling in CNS is important for the re-
trieval of fear, intermediate-term contextual and spatial memories, and
the role of adrenergic pathways is relevant in some cerebral areas as
locus coeruleus, hippocampus and cortex [56]. Moreover, it is well-
known that locus coeruleus is the first area to develop neurofibrillary
changes [57] and its diminishing noradrenaline output could be indu-
cing changes in adrenoceptors on target areas, which agrees with the
observed improved memory of rodents administered with β-agonists
[16,20,58,59].

Previously reported data [15,17,18,24,25], as well as the results in
the present contribution support the preferred use of antagonist in the
modulation of both histopathological changes and behavior perfor-
mance. In this sense, Fitzgerald [60] has reported an increasing amount
of data supporting the increased release of norepinephrine before and
during Alzheimer's disease progression by compensatory mechanisms
after damage in the locus coeruleus. Therefore, some reports suggest the
neuroprotective effects of β-adrenergic antagonists, alone or in com-
bination with cholinergic agents as agents in AD therapy [60,61].

Albeit the role of some subtype of adrenoceptor, the areas in which
they are expressed and the effects of castration on these processes are
poorly understood; regarding the key role of androgen activity mod-
ulating adrenergic pathways, Jarzab et al. [62] suggested that βARs
activation or blockage during postnatal development impairs the go-
nadotropin release to gonadal steroids in female rats and the expression
of ejaculatory behavior in male rats. Recently, it was described that
noradrenaline, a non-selective agonist, and clonidine, a non-selective
αAR agonist, enhanced hippocampal-prefrontal long-term potentiation
while isoprenaline, a non-selective beta agonist, decreased it [63].
These results agree with our observations, as isoproterenol lacked
neuroprotective effects or improvement in memory evaluation.

The present results showed a shared improvement of memory-per-
formance for two beta-blockers (propranolol and carvedilol are con-
sidered as such agents, even though they have lower affinity to alpha
adrenoceptors in some assays) and at least a selective β2-agonist.
However, future studies are required to investigate if the neuropro-
tective effects after androgen deprivation are carried out by direct ac-
tion of βARs, and to observe shared or different effects of each receptor
subtype, since blockage of α- and β1-adrenoceptors has been also in-
volved, [64,65], and the specific signaling pathways related to its ac-
tivation. This knowledge would be important for our results; interest-
ingly, it has been observed that propranolol, carvedilol and salbutamol

Fig. 5. Photomicrographs of NeuN positive labeling seen in the CA1 (A to F): Sham (A), Gdx (B), salbutamol (C), isoproterenol (D), propranolol (E), carvedilol (F).
Magnification 40×. Scale bar represents 100 μm. Bars represent the number of NeuN-positive neurons. Significant differences of groups compared with Gdx group
( ± SEM, n = 4, ***p < 0.001).
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share a weak activity to β-arrestin (β-arr)/ERK-pathways by β2-acti-
vation [26], and ERK signaling has been related to improved memory
function, even if molecular consequences are unclear [65] and some
mechanisms as dendritic spine plasticity, ubiquitination, or signaling by
several kinases have been related to this β-arr signaling [66]. Then, we
propose the weak activity pathway as relevant to induce the observed
changes in our behavioral evaluation. Thus, weak β-arr activation re-
sults in poor internalization of adrenoceptors and γ-secretase com-
plexes, where γ-secretase activated by β-arr cleaves Aβ peptide from
APP C-terminal fragment. Subsequently, Aβ is poorly secreted by exo-
cytosis, where it accumulates producing Aβ plaques, which induce in-
flammatory processes that cause injurious local changes (Fig. 8).
Moreover, it was observed that selective blockade of the Gs/cAMP/PKA
signaling but not the β-arrestin/ERK signaling by the biased β2-adre-
nergic ligands does not inhibit reconsolidation; thus, some authors
suggested a potential role for β-arrestin-biased ligands in the treatment
of memory-related disorders [65]. However, unbiased ligands with high
activity on β-arr/ERK-pathways (as isoproterenol and adrenaline) lack
the ability to induce memory improvement [63,65]. Several experi-
ments are required in order to support or discard the participation of
these pathways and the relevance of the grade of β-arr/ERK-pathway
activation.

Additionally, other mechanisms can be related to the observed

results by β-antagonists and salbutamol, such as the effects of these
compounds in the blood brain barrier and other vascular effects
[27,67]. Also, some direct effects on the formation of Aβ plaques, as it
has been suggested that anthracyclines and carbazoles (as the β-an-
tagonists used in this study) can inhibit Aβ formation [50] and they
have inhibitory effects on acetylcholinesterase as well [68]. No mac-
roscopic changes induced by gonadectomy were observed in pineal
gland as previously was described [69]. Finally, it should be mentioned
that albeit in other tissues, such as the prostate, the down-regulation of
adrenoceptors after orchiectomy was observed [70], further studies on
the details of the expression of adrenoceptors in the hippocampus after
androgen deprivation are required, since the current data are in-
sufficient to support relevance of their participation.

4. Conclusions

In the present study, two β-antagonists and one β2-agonist modu-
lated the effects of hormone deprivation: memory improvement and a
decrease neuronal death and Aβ presence in the hippocampus were
observed. However, the mechanisms of action of these drugs are un-
clear, even if used β-ARs ligands share a weak activity on β-arrestin/
ERK-pathway activation which can be involved in these effects as we
proposed in this manuscript.

Fig. 6. Photomicrographs of NeuN positive labeling seen in the CA2/CA3 (A to F): Sham (A), Gdx (B), salbutamol (C), isoproterenol (D), propranolol (E), carvedilol
(F). Magnification 40×. Scale bar represents 100 μm. Bars represent the number of NeuN-positive neurons. Significant differences of groups compared with Gdx
group ( ± SEM, n = 4, *p ≤ 0.05, **p < 0.01, ***p < 0.001).
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Current data suggest the use of antagonists and some agonists to
improve the cognitive deficit related to hormone deprivation. However,
additional studies are required to obtain insights regarding the me-
chanism(s) involved in the observed effects, and the effects of the same
compounds in advanced stages of hormonal deprivation. Moreover, the
evaluation in other types of memory is also necessary to generate a
profile of benefits and risks regarding the therapeutics of adrenergic-
drugs in cognitive deficit processes commonly associated to aging.

Therefore, our observations could be useful for understanding the
suggested effects of adrenergic drugs to modulate emotional memory
(as it has been observed in clinical studies, for example the modulation
of post-traumatic stress disorder by propranolol). In addition, our re-
sults could be related to other pathologies where neuronal death and Aβ
accumulation are key events, such as Alzheimer's disease or cognitive
deficit in Down syndrome; in this regard, increasing of clinical corre-
lation is required.
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