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Abstract
Due to the involvement of the imbalance of neuronal Ca2+ 
homeostasis in the pathogenesis of several neurodegener-
ative diseases, the use of drugs to prevent or attenuate this 
imbalance emerged as a new therapeutic strategy for treat-
ing these diseases. Thus, our discovery of the involvement 
of the interaction between intracellular signaling pathways 
mediated by Ca2+ and cAMP (Ca2+/cAMP signaling interac-
tion) in the neurotransmission and neuroprotection, and its 
pharmacological modulation, could importantly contribute to 
the therapy of the neurodegenerative diseases, including 
Alzheimer’s (AD) and Parkinson’s (PD) Diseases. Then, in 
this review we discussed the fundamental findings of the 
Ca2+/cAMP signaling interaction, including its role in neuro-
transmission and neuroprotection, and its potential role as 
a new therapeutic target for the treatment of the neurode-
generative diseases.
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Some in vitro studies performed since 1975 in isolat-
ed tissues richly innervated by sympathetic nerves (ro-
dent vas deferens), to exclude the influence of adjust-
ing reflex, showed that responses mediated by these 
nerves were completely inhibited by L-type CCB in 
concentrations higher than 1 μmol/L, but unexpectedly 
and paradoxically potentiated in concentrations lower 
than 1 μmol/L, characterizing CCB-induced sympathetic 
hyperactivity [2-4]. Defined by us as “calcium paradox” 
[5], these paradoxical CCB-effects remained unclear 
during almost forty years.

Using a classical model for in vitro study of sympa-
thetic neurotransmission (rat vas deferens), we dis-
covered in 2013 that this CCB-induced paradoxical 
sympathetic hyperactivity resulted from the increase 
of transmitter release from sympathetic neurons due 
to its modulatory action on the interaction between 
the intracellular signaling pathways mediated by Ca2+ 
and cAMP (Ca2+/cAMP signaling interaction) in these 
neurons [5]. This discovery that solved the enigma of 
CCB-induced sympathetic hyperactivity was published 
in Cell Calcium [5].

The initial discovery of the role of Ca2+/cAMP signal-
ing interaction in the neurotransmitter exocytosis and 
neurotransmission, and its pharmacological modula-
tion, opens a large avenue to explore the participation 
of this intracellular signaling in other cellular responses. 
Our studies showed that the increment in neurotrans-
mitter exocytosis produced by CCB (in low concentra-
tion) results from its modulatory action on the Ca2+/
cAMP signaling interaction [5]. This action results in 
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Introduction
Several clinical studies performed since 1970´s 

have reported that acute and chronic administration 
of L-type Ca2+ Channel Blockers (CCB) during antihy-
pertensive therapy, such as nifedipine and verapamil, 
decreased arterial pressure but produced typical symp-
toms of sympathetic hyperactivity, such as tachycardia 
and enhance of catecholamine plasma levels [1]. De-
spite these adverse effects produced by CCB have been 
initially attributed to adjust reflex of arterial pressure 
and represented a potential risk for the antihyperten-
sive therapy, the molecular mechanisms involved in 
these enigmatic effects remained unclear for decades.
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and rapid transmitter release from adrenal chromaffin 
cells [16].

In addition to Ca2+, it was demonstrated that other 
intracellular messengers such as cAMP participate in the 
exocytosis of secretory vesicles containing transmitter. In 
1988, it was discovered that elevation of [cAMP]c medi-
ated by activation of Adenylyl Cyclases (AC) with forsko-
lin enhanced exocytosis of secretory vesicles in adrenal 
chromaffin cells [17]. Although these evidences indicated 
that both Ca2+ and cAMP participate of transmitter exocy-
tosis process in neurosecretory cells, the interaction be-
tween Ca2+ and cAMP signaling in this response remained 
unclear for decades.

In 2013, we discovered that neurotransmitter exo-
cytosis from sympathetic neurons is finely regulated by 
interaction between intracellular signalling pathways 
mediated by Ca2+ and cAMP, named Ca2+/cAMP signaling 
interaction [5]. Using isolated tissues richly innervated 
by sympathetic nerves (rat vas deferens) stimulated by 
electrical pulses, we discovered that neurogenic con-
tractile responses of the smooth muscles of vas defer-
ens were significantly reduced, or completely inhibited, 
by L-type CCB in concentrations more than 1 μmol/L, 
but paradoxically increased in concentrations lower 
than 1 μmol/L, characterizing CCB-induced sympathetic 
hyperactivity [5].

As the activity of AC is finely regulated by Ca2+, the 
reduction of [Ca2+]c produced by L-type CCB results in 
increase of activity of AC, and consequent elevation of 
[cAMP]c [5-14]. This elevation of [cAMP]c results in stim-
ulation of the cAMP-dependent Protein Kinase (PKA) 
that in turn activates Endoplasmic Reticulum (ER) Ca2+ 
channels, such as ER-Ca2+ channels regulated by Ry-
anodine Receptors (RyR), stimulating Ca2+ release and 
recruiting of secretory vesicles docked in plasma mem-
brane, and thus increasing neurotransmitter release 
and synaptic concentration of neurotransmitters [5-14]. 
Then, we demonstrated that the reduction of Ca2+ influx 
through L-type Voltage-Activated Ca2+ Channels (VACC) 
produced by CCB increases synaptic transmission due to 
enhance of neurotransmitter release [5-14]. Our discov-
ery solved the enigmatic “calcium paradox” of almost 
four decades involved in sympathetic hyperactivity pro-
duced by L-type CCB due to its modulatory action on the 
Ca2+/cAMP signaling interaction [5-14].

In addition, our studies also showed that combined 
use of the L-type CCB and cAMP-enhancer compounds, 
such as AC activators and phosphodiesterase (PDE) in-
hibitors, produced potentiation of sympathetic neuro-
transmission due to additional increase of exocytosis 
of secretory vesicles containing neurotransmitters (cat-
echolamines, purines and others) [5-14]. We showed 
that the magnitude of contractile responses mediated 
by neurotransmitter released from sympathetic nerves 
by means Electrical Field Stimulation (EFS) in rat vas def-
erens (neurogenic contractions) were significantly re-

increment in the intracellular cAMP concentration 
([cAMP]c) that in turn stimulates the secretory machin-
ery [5]. Interestingly, we concluded that this increment 
in [cAMP]c could stimulate other cellular responses, in-
cluding cell survival [5-14]. Thus, we proposed that the 
pharmacological modulation of the Ca2+/cAMP signal-
ing interaction could attenuate neuronal death result-
ing from cytosolic Ca2+ overload due to stimulation of 
cellular survival pathways mediated by Protein Kinase 
cAMP-dependent (PKA) and cAMP-Response Element 
Binding protein (CREB) (cAMP/PKA/CREB signaling 
pathway) [5-14].

Our discovery of the role of the Ca2+/cAMP signal-
ing interaction in neurotransmission and neuroprotec-
tion, and its pharmacological modulation, may open a 
large avenue for the development of a new therapeu-
tic strategy for neurodegenerative diseases [5-14]. We 
have proposed that this pharmacological modulation 
by use of the L-type CCB and compounds that increase 
the [cAMP]c, namely cAMP-enhancer compounds, could 
be effective in enhancing neurotransmission and neu-
roprotection in neurodegenerative diseases resulting 
from neurotransmission deficit and neuronal death, 
such as such as Alzheimer’s (AD) and Parkinson’s (PD) 
Diseases [5-14]. It is important to note that the growing 
increase in the life expectancy of the world’s population 
has increased the concern about neurodegenerative 
diseases related to aging, such as AD and PD.

According to a 2015 United Nations report on world 
population ageing, the number of people aged 60 and 
older worldwide is projected to more than double in 
next 35 years, reaching almost 2.1 billion people. Most 
of this growth will come from developing regions of the 
world, although the oldest old, who are more than 80 
years of age, are the fastest growing segment of the 
population in developed regions. Despite these im-
provements in life expectancy, AD and PD, and related 
neurodegenerative conditions have arguably become 
the most dreaded maladies of older people. Then, in this 
review we will discuss how the pharmacological modu-
lation of the Ca2+/cAMP signaling interaction could be a 
new therapeutic strategy to treat the neurodegenera-
tive diseases, especially AD and PD.

Role of the Ca2+/Camp Signaling Interaction in 
Neurotransmission

Many experimental studies which have been initiat-
ed decades ago, using adrenal chromaffin cells as study 
model of exocytosis of secretory vesicles, established 
the notion of stimulus-secretion coupling to explain 
neurotransmitter release from central and peripher-
al neurons. In 1970´s, it was demonstrated in adrenal 
chromaffin cells that the exocytosis of secretory ves-
icles containing transmitter (catecholamines, purines 
and other substances) is triggered by a rise in the cyto-
solic Ca2+ concentration ([Ca2+]c) [15]. In 1990´s, it was 
discovered a direct relationship between rise in [Ca2+]c 
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ing neurotransmitter release [5-14]. Recently, it was 
showed that the treatment with L-type CCB reduces 
motor symptoms and attenuates progressive neuronal 
death in animal model of degenerative disease, suggest-
ing that L-type CCB are potentially viable neuroprotec-
tive agents [18,19]. These findings reinforced the idea 
that attenuation of cytosolic Ca2+ overload produced by 
L-type CCB due to blockade of Ca2+ influx through L-type 
VACC could be an excellent pharmacological strategy to 
attenuate or prevent neuronal death in neurodegenera-
tive diseases, such as PD and AD.

Some studies showed that increase of [cAMP]c 
stimulates the survival cellular pathways mediated by 
cAMP/PKA/CREB signaling pathway [20-23]. In this way, 
we have proposed that the pharmacological modulation 
of the Ca2+/cAMP signaling interaction by combined use 
of L-type CCB and cAMP-enhancer compounds could 
stimulate neuroprotective response due to increase of 
[cAMP]c and attenuation of cytosolic Ca2+ overload [5-
14]. In accordance to our studies, this pharmacological 
modulation could be a new neuroprotective therapeu-
tic strategy to slow the progression of neurodegenera-
tive diseases related to ageing, such as AD and PD. (Fig-
ure 2) shows how pharmacological modulation of the 
Ca2+/cAMP signaling interaction could produce increase 
of neurotransmission and neuroprotection in neurode-
generative diseases.

Pharmacological Modulation of Neural Ca2+/
Camp Signaling Interaction as a New Therapeutic 
Strategy for Treatment of Alzheimer’s Disease 
(AD)

AD is a progressive neurodegenerative disorder re-
lated to ageing characterized by cognitive and memory 
deterioration. Neuritic plaques represent the patho-

duced by L-type CCB (verapamil) in high concentrations 
(> 1 μmol/L), but paradoxically increased in concentra-
tions below 1 μmol/L, characterizing CCB-induced sym-
pathetic hyperactivity (Figure 1A). These paradoxical 
CCB-effects were significantly potentiated by pre-treat-
ment of vas deferens with cAMP-enhancer compounds, 
such as AC activators (forskolin) and Phosphodiesterase 
(PDE) inhibitors (rolipram and Isobutyl Methyl Xanthine 
(IBMX)) (Figure 1B, Figure 1C and Figure 1D). This poten-
tiation by cAMP-enhancer compounds was prevented 
by inhibition of AC with SQ 22536.

These findings clearly demonstrated that the phar-
macological modulation of neural Ca2+/cAMP signaling 
interaction enhances neurotransmitter release, causing 
significant increase of synaptic transmission [5-14]. On 
the basis of this finding, we postulated that the phar-
macological modulation of this interaction could be a 
new strategy to increase neurotransmission in neuro-
degenerative diseases related to ageing, characterized 
by severe deficit in central neurotransmission, such as 
AD and PD [5-14].

Role of the Ca2+/Camp Signaling Interaction in 
Neuroprotection

It is well known that an imbalance of intracellu-
lar Ca2+ homeostasis, especially cytosolic Ca2+ overload, 
contributes to the pathogenesis of neurodegenerative 
diseases related to aging, including AD and PD [5-14]. 
Therefore, regulation of intracellular Ca2+ homeostasis 
may represent a new strategy for treatment of these 
diseases. As previously mentioned, blockade of the 
L-type VACC by CCB reduces Ca2+ influx resulting in at-
tenuation of [Ca2+]c and increase of [cAMP]c [5-14]. We 
showed that this functional Ca2+/cAMP signaling inter-
action participates in several cellular responses, includ-

Figure 1: Increase of neurotransmission produced by pharmacological modulation of neural Ca2+/cAMP signaling interaction 
(A) Records showing that contractile responses mediated by neurotransmitter released from sympathetic nerves by means 
Electrical Field Stimulation (EFS) in rat vas deferens (neurogenic contractions) were significantly reduced by L-type CCB (ve-
rapamil) in high concentrations (> 10-6 M), but paradoxically increased in concentrations below 10-6 M, characterizing CCB-in-
duced sympathetic hyperactivity. This increase of neurogenic contractions by verapamil (< 10-6 M) was potentiated by pre-treat-
ment of isolated tissue with cAMP-enhancer compounds, such as rolipram 10-7 M; (B) IBMX 10-6 M; (C) and forskolin 10-7 M; (D) 
Each point below the record represents molar concentration of verapamil (interval of 0.5 log unity). Each line below the record 
represents incubation time with cAMP-enhancer compounds. Representative records extracted from Bergantin, et al. [5].
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dent manner, but recent evidences indicate that it may 
be observed in some subjects as early as in the third or 
fourth decades of life, with increasing magnitude in late 
middle age, and highest estimates in old age [24,25].

Therapies targeting the modification of amyloid-re-
lated cascades may be viewed as promising strategies 
to attenuate or even to prevent dementia [24]. There-
fore, the cumulative knowledge on the pathogenesis of 
AD derived from basic science models will hopefully be 
translated into clinical practice in the forthcoming years. 
Other targets relevant to AD have also been considered 
in the last years for producing multitarget compounds 
[26,27].

In addition to what has been discussed above, ace-
tylcholinesterase (AChE) is another important target to 
treat the pathogenesis of AD (cholinergic dysfunction 
hypothesis). Considering the current hypothesis of ac-
cumulation of the Aβ in AD, this relies in the reduction 

logical status of AD and are respectively related to the 
accumulation of the β-amyloid peptide (Aβ) in brain tis-
sues [24,25]. According to the amyloid hypothesis, the 
overproduction of Aβ is a consequence of the disruption 
of homeostatic processes that regulate the proteolytic 
cleavage of the Amyloid Precursor Protein (APP). Genet-
ic and age-related factors could contribute to a meta-
bolic change, favoring the amyloidogenic processing of 
APP in detriment of the physiological secretory pathway 
[24,25].

The neurotoxic potential of the Aβ results from its 
biochemical properties that favor aggregation. These 
processes, along with a reduction of Aβ clearance from 
the brain, lead to the extracellular accumulation of Aβ, 
and the subsequent activation of neurotoxic cascades 
that ultimately lead to cytoskeletal changes, neuronal 
dysfunction and cellular death [24]. Intracerebral amy-
loidosis development in AD patients is in an age-depen-

Figure 2: Increase of neurotransmitter release and attenuation of neuronal death (neuroprotection) produced by pharma-
cological modulation of the Ca2+/cAMP signaling interaction by combined use of L-type Ca2+ Channel Blockers (CCB) and 
cAMP-enhancer compounds. PDE - phosphodiesterase inhibitors. Figure extracted from Bergantin and Caricati-Neto [5-14].
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attenuate cognitive deficit due to increase in central 
cholinergic neurotransmission caused by increment in 
ACh release from cholinergic neurons [5-14]. In addi-
tion, the pharmacological modulation of the Ca2+/cAMP 
signaling interaction could reduce or prevent neuronal 
death caused by cytosolic Ca2+ overload due to increase 
of [cAMP]c and stimulation of cellular survival pathways 
mediated by cAMP/PKA/CREB signaling pathway [20-
23]. Thus, we have proposed that the pharmacological 
modulation of this signaling could be a new therapeutic 
strategy to slow the progression and reduce the symp-
toms of AD [5-14].

Pharmacological Modulation of Neural Ca2+/
Camp Signalling Interaction as a New Thera-
peutic Strategy for Treatment of Parkinson’s 
Disease (PD)

PD is an age-associated progressive neurodegener-
ative disorder that has gained crescent social and eco-
nomic impact due to the aging of the western society. 
While the distinctive motor symptoms of PD have been 
described for centuries, cognitive impairment has only 
recently been recognized as a central feature. All cur-
rent therapies are symptomatic and fail to reverse or 
halt the progression of dopaminergic neurons loss. PD 
mainly results from dopamine loss in the substantia 
nigra, which results in reduction of dopamine release 
from striatal dopaminergic neurons due to neuronal 
death [32,33]. These central dopaminergic dysfunctions 
result in the recognizable signs of asymmetrical brady-
kinesia and hypokinesia (slowness and reduced ampli-
tude of movement), muscle rigidity (stiffness) and rest 
tremor, consequences from modifying motor control 
[32,33]. Rest tremor, prominent asymmetry and a good 
response to levodopa are the features that most accu-
rately predict PD pathology [32,33].

Functional imaging of the dopaminergic system us-
ing cerebral single photon emission computed tomog-
raphy or positron emission tomography can be useful 
in diagnosis of early PD. Positron Emission Tomography 
(PET) studies examining the rate of decline in dopa-
mine-producing cells suggest that humans have already 
lost 50%-70% of their nigral neurons, before they de-
velop motor symptoms, and it has been estimated that 
the duration of this “presymptomatic” phase is about 
5 years [32,33]. Early diagnoses will become a critical is-
sue if effective neuroprotective drugs become available. 
In fact, increasing dopamine, mainly using the Levodopa 
combined with a dopa-decarboxylase inhibitor remains 
the most potent drug therapy for reversing motor im-
pairment. A higher maintenance dose of Levodopa (eg, 
200 mg three times daily compared with an initial dose 
of 100 mg three times daily) provides slightly great-
er benefit for reducing motor symptoms, but at the 
cost of earlier wearing-off symptoms and dyskinesias 
[32,33]. The combination of novel concepts may lead 
to advances in PD research with the promise of finding 

of neurotransmitter acetylcholine (ACh) release in cen-
tral cholinergic nervous system involved in cognitive 
function. Thus, the inhibition of ACh degradation by 
AChE is a potential target to treat AD [26-28].

An imbalance of intracellular Ca2+ homeostasis also 
contributes to the pathogenesis of AD [29]. Several evi-
dences suggest that aging impairs ability of the brain to 
maintain intracellular Ca2+ homeostasis, which is likely 
to induce cellular damage due to cytosolic Ca2+ overload 
leading to neural death, and then resulting in cogni-
tive dysfunction, such as AD [29]. Therefore, regulation 
of intracellular Ca2+ homeostasis may represent a new 
strategy for treatment of AD.

A 10-year follow-up study (2000 to 2010), involving 
82,107 hypertensive patients of more than 60 years 
of age, showed that use of L-type CCB reduced blood 
pressure and risk of dementia in hypertensives, sug-
gesting that these drugs could be clinically used to treat 
AD [19]. Supportive findings for the neuroprotective 
effects of CCB have been showed in 1,241 elderly hy-
pertensive patients with memory impairment [30]. The 
use of CCB decreased the risk of cognitive impairment 
and AD independently of blood pressure levels when 
compared to patients not treated with CCB [30]. The 
long-term effects of antihypertensive therapy initiated 
with a long-acting dihydropiridine, such as nitrendipine, 
has been shown in the double-blind, placebo-controlled 
Syst-Eur trail in which the incidence of dementia was re-
duced by 55% [31].

Some studies have proposed that hybrid compounds 
having the moieties of tacrine, a potent inhibitor of 
AChE, and nimodipine, a L-type CCB could be useful to 
the AD pharmacotherapy [26,27]. In addition, galantam-
ine (a moderate AChE inhibitor and a potent allosteric 
ligand of nicotinic cholinoceptors) has been used to im-
prove cognition and behavior in patients with AD [28]. 
Studies using AD model rats showed that cAMP-en-
hancer compounds, such as nobiletin (a polymethox-
ylated flavone from citrus peels) and oxyntomodulin (a 
proglucagon-derived peptide that co-activates the GLP-
1 receptor and the glucagon receptor) produce neuro-
protective effects mediated by intracellular cAMP syn-
thesis, activation of PKA and MAPK pathways and phos-
phorylation of CREB [21,23].

Our discovery of the involvement of the Ca2+/cAMP 
signaling interaction in the neurotransmission and neu-
roprotection has produced important advances in the 
understanding of the pathophysiology and pharmacolo-
gy of AD [5-14]. These advances allowed us to propose 
that pharmacological modulation of the Ca2+/cAMP 
signaling interaction produced by combined use of the 
L-type CCB (used in the antihypertensive therapy), such 
as isradipine, and cAMP-enhancer compounds (used in 
the anti-depressive therapy), such as rolipram, could 
represent a new therapeutic strategy for treatment of 
AD in humans. This pharmacological modulation could 
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erative diseases related to ageing. These advances can 
contribute to drug development more effective and saf-
er to attenuate or prevent clinical symptoms of neuro-
degenerative diseases, such as AD and PD.
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compounds that are both effective, and fast-acting, in-
cluding in patients who have tried other therapies with 
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Several lines of evidences suggest that an imbal-
ance of intracellular Ca2+ homeostasis contributes to 
the pathogenesis of PD. Thus, regulation of intracellu-
lar Ca2+ homeostasis may represent a new strategy for 
treatment of PD. Several studies suggest that aging im-
pairs ability of the brain to maintain intracellular Ca2+ 
homeostasis, which is likely to induce cellular damage 
leading to death of dopaminergic neurons in the sub-
stantia nigra, and resulting in motor dysfunction due to 
reduction of dopamine release in striatal dopaminergic 
neurons [18,34].

A phase II clinical study published in 2016 showed 
that treatment with L-type CCB isradipine was safely tol-
erated to reduce motor symptoms in PD patients [34]. In 
addition, it was shown that the treatment with isradip-
ine reduces motor symptoms and attenuates progres-
sive death of dopamine neurons from substantia nigra 
in animal model of PD [18]. This study showed that the 
isradipine produced a dose-dependent sparing of dopa-
minergic fibers and cell bodies at concentrations achiev-
able in humans [18], suggesting that L-type CCB are 
potentially viable neuroprotective agents useful for PD 
treatment. These finding reinforced the idea that atten-
uation of cytosolic Ca2+ overload produced by L-type CCB 
due to blockade of Ca2+ influx through L-type VACC could 
be an excellent pharmacological strategy to attenuate 
or prevent the death of dopaminergic neurons in PD.

Our discovery of the involvement of the Ca2+/cAMP 
signaling interaction in the neurotransmission and neu-
roprotection has contributed to understanding of the 
pathophysiology and pharmacology of PD [5-14]. These 
advances allowed us to propose that pharmacological 
modulation of the Ca2+/cAMP signaling interaction pro-
duced by combined use of the L-type CCB and cAMP-en-
hancer compounds could represent a new therapeutic 
strategy for treatment of human PD. We believe that 
pharmacological modulation of the Ca2+/cAMP signal-
ing interaction could attenuate dopamine release defi-
cit, increasing central dopaminergic neurotransmission 
involved in the control of motor function. In addition, 
pharmacological modulation of this interaction could 
contribute to reduce death of dopaminergic neurons 
due to attenuation of cytosolic Ca2+ overload, increase 
of [cAMP]c and stimulation of cellular survival regulat-
ed by AMP/PKA/CREB signaling pathway [20-23]. Thus, 
pharmacological modulation of Ca2+/cAMP signaling in-
teraction could be a new therapeutic strategy to slow 
the progression of PD [5-14].

Conclusion
Our recent discovery of the Ca2+/cAMP signaling 

interaction could promote important advances in the 
pathophysiology and pharmacology of the neurodegen-
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