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Abstract
We have tested whether the lack of chromogranins (Cgs) A and B could provoke CNS disorders when combined with an excess
of dopamine.We chronically treated (over 6 months) mice lacking both chromogranins A and B (Cgs-KO)with a low oral dosage
of L-DOPA/benserazide (10/2.5 mg/kg). Motor performance in the rota-rod test, open field activity, and metabolic cages
indicated a progressive impairment in motor coordination in these mice, and an increase in rearing behavior, which was
accompanied by an increase in DA within the substantia nigra. We conclude that mild chronic L-DOPA treatment does not
produce nigro-striatal toxicity that could be associated with parkinsonism, neither in control nor Cgs-KO mice. Rather, Cgs-KO
mice exhibit behaviors compatible with an amphetamine-like effect, probably caused by the excess of catecholamines in the
CNS.

Keywords Adrenal . Behavior . Catecholamines . Striatum . Substantia nigra

Introduction

Chromogranins (Cgs) are acidic proteins that become highly
concentrated in large dense core vesicles (LDCVs) within en-
docrine, neuroendocrine, and some nerve cells. Both Cgs,
chromogranin A (CgA) and chromogranin B (CgB), are in-
vo lved in synapt ic ves ic le genes i s and sor t ing
(Bandyopadhyay and Mahata, 2017, Bartolomucci, et al.,
2011, Helle, et al., 2018, Kim, et al., 2001, Taupenot, et al.,
2002). In addition, Cgs themselves are pro-hormones and the
source of several bioactive peptides (for review see Taupenot,
et al., 2003). Historically, the function of Cgs was attributed to
facilitating the aggregation and concentration of soluble spe-
cies in LDCVs (e.g., amines, ATP, calcium), thereby overcom-
ing the limitations of strong osmotic forces (Blaschko, et al.,

1967). Indeed, we demonstrated that the lack of Cgs largely
decreased vesicular catecholamine (CA) content and alters the
kinetics of exocytosis (Diaz-Vera, et al., 2012, Diaz-Vera,
et al., 2010,Montesinos, et al., 2008), whereas the overexpres-
sion of CgA produces an increase in the quantum size
(Dominguez, et al., 2014).

The lack of Cgs makes chromaffin cell LDCVs incapable
of increasing their CA content when cells are overloaded with
L-DOPA. Consequently, there is a dramatic increase in free
cytosolic CAs upon L-DOPA administration in vitro (Diaz-
Vera, Camacho, Machado, Dominguez, Montesinos,
Hernandez-Fernaud, Lujan and Borges, 2012, Diaz-Vera,
Morales, Hernandez-Fernaud, Camacho, Montesinos,
Calegari, Huttner, Borges and Machado, 2010, Montesinos,
Machado, Camacho, Diaz, Morales, Alvarez de la Rosa,
Carmona, Castaneyra, Viveros, O’Connor, Mahata and
Borges, 2008). It has been proposed that the origin of
Parkinson’s disease (PD) may reside in the elevation of cyto-
solic dopamine (DA), and of its metabolites DOPAL and
DOPAC, in the dopaminergic neurons of the nigro-striatal
pathway (Goldstein, et al., 2014). Excess DA, DOPAC, and
DOPAL will lead to the production of reactive oxygen species
(ROS) that have deleterious effects in DA neurons (Burke,
et al., 2008, Goldstein, et al., 2013). In addition, DOPAL will
cause the oligomerization of α-synuclein, promoting
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additional toxic effects (Burke, Kumar, Pandey, Panneton,
Gan, Franko, O'Dell, Li, Pan, Chung and Galvin, 2008). It is
also possible that chronic L-DOPA treatment may worsen PD
due to the increase in cytosolic DA and its cytotoxic metabo-
lites (Spencer, et al., 1996). Nevertheless, some neuroprotec-
tive actions of L-DOPA have also been proposed (Mena, et al.,
1997).

In this study, we chronically treated mice lacking both CgA
and CgB (Cgs-KO mice) with L-DOPA/benserazide daily
over 6 months. Mice with the same genetic background
(C57BL/6 J) but with a normal Cg content (WT) were treated
similarly and served as controls. During this chronic treatment
regime, we carried out biochemical, behavioral, and morpho-
logical assessments to evaluate the effects of L-DOPA on
these WT and Cgs-KO mice.

Materials and methods

Animals CgA/B−/− (RRID: MGI:5919969) mice. Their gener-
ation and backcross to C57Bl/6J background were described
previously (Diaz-Vera, Camacho, Machado, Dominguez,
Montesinos, Hernandez-Fernaud, Lujan and Borges, 2012,
Pereda, et al., 2015). To ensure sufficient animals were avail-
able at the end of the study, a total of 48 male mice were used
in these experiments (n = 12 for each condition). The genera-
tion of the CgA-KO and CgB-KO mice has been described
previously (Diaz-Vera, Camacho, Machado, Dominguez,
Montesinos, Hernandez-Fernaud, Lujan and Borges, 2012,
Diaz-Vera, Morales, Hernandez-Fernaud, Camacho,
Montesinos, Calegari, Huttner, Borges and Machado, 2010,
Mahapatra, et al., 2005, Montesinos, Machado, Camacho,
Diaz, Morales, Alvarez de la Rosa, Carmona, Castaneyra,
Viveros, O’Connor, Mahata and Borges, 2008, Obermuller,
et al., 2010).

Once generated, the strains were bred onto a C57BL/6J
(RRID: IMSR_JAX:000664; obtained from Charles River
Laboratories Inc.) mice by crossing male knockout mice with
wild-type females, and the male heterozygous offspring for
the selected Cgs were again crossed with wild-type females.
This process was repeated seven times in total for each strain.
The last cross, involving heterozygous N7 males and females,
produced homozygous offspring that were selected as progen-
itors for a new colony.

The heterozygous and homozygous mice were genotyped
by extracting DNA from tail biopsies and amplifying the spe-
cific regions by PCR, analyzing the amplified products on
agarose gels stained with GelRed®.

Each animal was housed individually in 35 cm × 15 cm ×
20 cm single-sided PNC 1057 cages (Allentown Inc.,
Allentown, PE) and maintained under standard laboratory
conditions: 12 h light:dark cycle starting at 8:00 h, food and
water available ad libitum, 21 °C, environmental enrichment,

and cages cleaned once a week. The experiments were per-
formed from 9:00 h to 13:00 h except when indicated
otherwise.

The experimental room was maintained at 21 (± 2) °C with
the same artificial illumination, except when indicated other-
wise, and white noise was used during the experiments. Mice
were genotyped and Cgs-KO mice were compared with WT
mice, which were used as control. No randomization was per-
formed; mice were assigned to group Cgs-KO or WT by their
genotype. A trained researcher, blind to the genotype, per-
formed the experimental analysis. Necessary mice were
sacrificed by cervical dislocation.

L-DOPA treatment Drugs (10 mg/kg L-DOPA + 2.5 mg/kg
benserazide) were administered in the drinking water, which
contained 100 mg/L of ascorbic acid to reduce oxidation. The
drug solution was prepared freshly each morning throughout
the study. Prior to starting L-DOPA/benserazide treatment, the
daily water consumption of each animal was measured daily
for 7 days and readjusted over the course of the experiment to
assure the full volume was consumed. The daily amount of L-
DOPAwas dissolved in a volume of water calculated from the
daily intake. Untreated animals had unlimited access to drink-
ing water that contained ascorbic acid alone.

Behavioral testsMotor coordination was studied on a Rota-
rod device (Letica LI 8200, Panlab SL, Barcelona, Spain)
as described elsewhere (Pereda, Pardo, Morales,
Dominguez, Arnau and Borges, 2015). Animals were ini-
tially trained for 3 days and the recording of activity
started 14 days after initiating drug treatment. The Rota-
rod tests consisted of three consecutive runs in accelerat-
ing mode (Pereda, Pardo, Morales, Dominguez, Arnau
and Borges, 2015). Activity in the open field was evalu-
ated using an Actimot-2 device (TSE Systems Inc. MI,
USA). Moreover, activity over 24 h and rearing move-
ments were monitored continuously using four LE520
metabolic cages (Panlab) (Pereda, Pardo, Morales,
Dominguez, Arnau and Borges, 2015).

Tissue preparation The brain of each animal was divided
sagittally along the midline, and one hemisphere was used
for biochemical analyses, while the other was used for
morphological and histological examination. To determine
the total CA content in the brain tissue and protein expres-
sion, tissue samples were weighed and homogenized in
100 μL of TENT lysis solution (in mM): Tris HCl (50),
EDTA (5), NaCl (150) and Triton X-100 1%, and the
cOmplete® protease inhibitor mixture (11,697,498,001,
Roche Diagnostics, Mannheim, Germany). Perchloric acid
(0.1 N) was added to the homogenate (50 μL), giving a
f i n a l c o n c e n t r a t i o n o f 0 . 0 5 N , a n d 3 , 4 -
dihydroxybenzylamide (DHBA) was added to a final
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concentration 200 nM as an internal standard. Samples
were frozen until HPLC quantification and the other
50 μL aliquot was used for protein analyses.

For morphological analyses, the brain tissue was processed
using a standard protocol (Castaneyra-Ruiz, et al., 2016). The
tissue was first fixed in 2% paraformaldehyde for 24 h,
dehydrated, and then embedded in paraffin to obtain coronal
sections (5 μm). Adjacent sections were stained with

hematoxylin-eosin (HE) or for immunohistochemical detec-
tion of tyrosine hydroxylase (TH).

Catecholamine analysis An isocratic HPLC system
(Shimadzu, Nakagyo-ku, Kyoto, Japan) coupled to an electro-
chemical detector LC-4B (Bioanalytical Systems, West
Lafayette, IN, USA) was used to detect the total CA content
as described previously (Borges, et al., 1986).

Fig. 1 Effects of L-DOPA on motor coordination and spontaneous
locomotor activity. Mice were treated with L-DOPA/benserazide as
described in the “Materials and methods.” a, b Rota-rod performance
(latency to fall, expressed in seconds), reflecting motor coordination,
deteriorated progressively in Cgs-KO animals treated with L-DOPA.
The data are the average of 12 animals/group evaluated every 15 days:

**p < 0.001 two-way ANOVA. c L-DOPA treatment does not modify the
distance the mice traveled in the open field test. d L-DOPA treatment
increased the number of rearing events in the Cgs-KO mice alone. The
data are the mean ± SEM averaged from 12 animals/group: ***p < 0.001
paired Student’s t test. Open field measurements were obtained after
6 months L-DOPA/benserazide treatment

Fig. 2 Effects of L-DOPA treatment on circadian rearing behavior.
Mice were housed in individual metabolic cages and motor activity was
recorded continuously over 24 h. a Typical activity traces from individual
mice for each condition, with X/Y displacements reflected as noise ob-
served at the baseline and rearing (Z) provoking a vertical deflection. The

light cycle was altered, shifting the dark period to 8 am to 8 pm (black
solid bars), corresponding to the maximal rearing activity. b Total rearing
events in a 24-h period. The data are the means ± SEM: *p < 0.05
Student’s t test
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Western blotting The expression of TH was quantified in
western blots of homogenized tissue. Total protein was mea-
sured by bicinchoninic acid method and equivalent amounts
of protein (50 μg) were loaded onto SDS–PAGE gels (10%
acrylamide gels) and electro-blotted onto 0.45 μm
polyvinylidene difluoride membranes (Immobilon-P
IPVH00010, Millipore). The membranes were incubated for
2 h at room temperature with an antibody against TH (diluted
1:10,000; Sigma-Aldrich, T 2928) and against actin (diluted
1:10,000; Sigma-Aldrich, T-6074). Antibody binding was de-
tected by ECL using a prime western blotting detection re-
agent (RPN2232, GE Healthcare, Bio-Sciences, Pittsburg,
PA). The protein bands were analyzed using a ChemiDoc™
MP VersaDoc device and Quantity One 4.6.7 software (Bio-
Rad, Hercules, CA).

ImmunohistochemistryHalf hemispheres of the brains of four
mice from each group were cut into four parallel, series of
coronal sections at (5 μm). The tissue sections were
deparaffinized in xylene, hydrated through a descending series
of ethanol until reaching H2O and then, washed in Tris-buffer
saline (TBS 0.05 M, pH 7.6). One series was stained using a
standard HE protocol to define the area for TH labeling.
Thereafter, the sections were incubated overnight with an an-
tibody against TH at 1:1000. Simultaneously, adjacent sec-
tions were also incubated in a humid chamber with other pri-
mary antibodies. Goat anti-mouse IgG conjugated antibodies
(Invitrogen) were used as secondary antibodies and a standard
peroxidase-diaminobenzidine reaction was used to visualize

the expression of TH. The primary antibodies were omitted as
a negative control.

Statistics Data sets were expressed as the means ± SEM. The
statistical significance between the experimental groups was
evaluated with the non-parametric Mann-Whitney U test or
Student’s t test when appropriate, based on the D’Agostino-
Pearson normality test. The differences were considered sig-
nificant at the level of p < 0.05 and the data were analyzed
using Prism® Software (Graphpad Prism, version 7.0, San
Diego, CA, USA). Outliers were not removed from any of
the analysis.

Results

Motor activity The low chronic daily dosage of L-DOPA
(10 mg/kg) plus benserazide (2.5 mg/kg) used in this study
did not produce any clear signs of parkinsonism-related dys-
kinesia during the 6 months of treatment. However, chronic
treatment with L-DOPA caused a significant decrease in mo-
tor coordination in mice lacking Cgs but not in WT animals
(Fig. 1a and b). In WT-treated animals, motor coordination
was impaired after 3 months but unexpectedly, it recovered
to a level of performance indistinguishable from untreated
animals at the end of the experiment.

Over the short observation time, there were no significant
variations in the total distance walked in the open field
(Fig. 1c), yet the rearing activity of the Cgs-KO mice treated
with L-DOPA increased significantly (Fig. 1d). As acute ob-
servations (90 min) of motility may be influenced by animal
manipulation and affected by circadian rhythms, we also stud-
ied the mobility and rearing behavior throughout the day
(Fig. 2a). The evolution of the movement inside the metabolic
cages of themice from each groupwas assessed after 6months

Fig. 4 Dopamine and dopamine metabolism in the nigro-striatal sys-
tem of control and Cgs-KO mice in response to chronic L-DOPA/
benserazide administration. a and c show the dopamine content in the
striatum and substantia nigra corrected to the total protein content. b and

d indicate the DAmetabolism in the same sample, showing the dopamine
content relative to its two major metabolites (DOPAC and HVA). The
data were obtained by HPLC and are the means ± SEM from 6 mice/
group evaluated after 6 months of treatment: *p < 0.05 Student’s t test

�Fig. 3 Morphological effects of L-DOPA in the striatum and
substantia nigra of WT and Cgs-KO mice. Brain sagittal (5 μm) sec-
tions were fixed in paraformaldehyde and immunostained for tyrosine
hydroxylase, as indicated in the “Materials and methods.” a, b, e, f =
striatum, a’, b’, e’, f’ = tissue in the inset; c, d, g, h = substantia nigra-
= c’, d’, g’, h’ = tissue in the inset. Scale bars 500 μm in a, b, e, f; 100 μm
in a’, b’, e’, f’; 250 μm in c, d, g, h; 50 μm in c’, d’, g’, h’

R
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of L-DOPA/benserazide treatment. The daily light cycle was
inverted to position the dark period from 8 am to 8 pm, in
which the maximal activity of the mice was observed, and
another period of activity was also detected in the mid-light
cycle (for pooled data see Fig. 2b). Using this experimental
approach, it was again evident that L-DOPA produced a sig-
nificant increase in the number of rearings in WT animals.
Although Cgs-KO mice reared more than WT mice, L-
DOPA did not promote any further increase in this behavior.

Changes in TH expression evoked by L-DOPATH-immunore-
activity (TH-ir) was mainly evident in fibers of the striatum
(panels a, b, e, and f from Fig. 3) and neuronal bodies in the
substantia nigra (panels c, d, g, and h from Fig. 3). In WT
animals, TH-ir was mainly found in the dorsal, medial, and
ventrolateral part of the striatum, and in the cephalic domain
of the substantia nigra. L-DOPA administration to WT mice
reduced TH-ir in both these structures, except in the ventro-
lateral portion of the striatum. TH-ir was weaker in the stria-
tum of Cgs-KO mice and it was dramatically lower in the
substantia nigra. However, chronic L-DOPA treatment
reverted these changes, such that TH-ir expression in Cgs-
KO animals was similar to that in untreated WTmice (Fig. 3).

Effect of L-DOPA on brain dopamine and its metabolism The
effect of chronic (6-month) treatment with L-DOPA/
benserazide is summarized (Fig. 4) and surprisingly, neither
the absence of Cgs nor chronic treatment with L-DOPA mod-
ified the DA content in the striatum where the majority of
dopaminergic terminals are located (Fig. 4a). DA turnover,
represented as (DOPAC+HVA)/DA, was significantly lower
in the KO animals, and it was subsequently restored by L-
DOPA treatment (Fig. 4b). Conversely, chronic L-DOPA
was found to increase the total DA content in the substantia
nigra of both WT and Cgs-KO animals (n = 6, Fig. 4c).
Interestingly, DA metabolism was reduced in Cgs-KO ani-
mals and it was further dampened by chronic L-DOPA admin-
istration (Fig. 4d).

Tyrosine hydroxylase expression In western blots the TH ex-
pression in the striatum and substantia nigra followed a sim-
ilar pattern to the data obtained by HPLC, although no signif-
icant changes were observed between WT and Cgs-KO mice
either before or after L-DOPA treatment. Also, there were no
differences in TH immunostaining in the locus coeruleus of
WT and Cgs-KO mice (data not shown).

Discussion

Chromogranins are acidic proteins that are concentrated in
LDCVs present in neuroendocrine cells and neurons. One of
the key functions of Cgs in LDCVs is related to the storage of

neurotransmitters, notably CAs (Borges, et al., 2010). In mu-
rine chromaffin cells, whole cell patch-amperometry indicated
that free cytosolic DA increased when these cells were incu-
bated with the catecholamine precursor L-DOPA. This in-
crease was strongly potentiated in Cgs-KO animals
(Montesinos, Machado, Camacho, Diaz, Morales, Alvarez
de la Rosa, Carmona, Castaneyra, Viveros, O'Connor,
Mahata and Borges, 2008), probably because their LDCVs
were unable to store more amines because their cargo capacity
was saturated, leading to the accumulation of more amines in
the cytosol. Accordingly, there is significantly more DA in the
urine of Cgs-KO mice (Pereda, Pardo, Morales, Dominguez,
Arnau and Borges, 2015), which might be leaked by dopami-
nergic neurons. Dopamine and in particular its major metab-
olites DOPAL and DOPAC are cytotoxic species when they
accumulate freely in the cytosol due to their conversion to
ROS following a mechanism similar to that for 6-hydroxy-
dopamine (Goldstein, Kopin and Sharabi, 2014, Jenner and
Olanow, 1996, Taylor, et al., 2014). There is some clinical data
indicating that the increase in free cytosolic DA and its cyto-
toxic metabolites caused by chronic L-DOPA treatment may
accelerate the progression of PD (Spencer, Jenner, Butler,
Aruoma, Dexter, Jenner and Halliwell, 1996). However, L-
DOPA/benserazide or carbidopa has also been proposed to
act as a neuroprotective agent (Mena, Davila and Sulzer,
1997).

We hypothesized that there would be progressive damage
to DA neurons in Cgs-KO mice treated chronically with L-
DOPA, establishing a Parkinson disease model. However, the
data obtained reflect a more complex response, probably in-
volving other sympathetic actors like NE neurons. We have
combined behavioral, biochemical and histological tech-
niques to evaluate the putative neuronal damage and the de-
velopment of parkinsonism-like syndrome in Cgs-KO mice,
comparing them with their isogenic C57BL/6J counterparts.
Animals without Cgs were undistinguishable from WT mice
and their genotype had to be confirmed as they had a similar
lifespan (Borges et al., unpublished results), were fertile and
could be bred in homozygosis (Diaz-Vera, Camacho,
Machado, Dominguez, Montesinos, Hernandez-Fernaud,
Lujan and Borges, 2012).

Animals were chronically treated with a combination of L-
DOPA/benserazide in the same 4:1 proportion as is used clin-
ically as therapy for PD. This L-DOPA dose (10 mg/kg) was
intentionally chosen as it is lower than that used elsewhere
(Fornai, et al., 2000) but equivalent to the starting clinical dose
(Poewe, et al., 1986). An important aspect of this study was
the duration, as chronic L-DOPA treatment has been little
studied in mice in which 4–10 days of daily administration
has previously been considered to be “chronic” (Bailey, et al.,
1979). The drugs administered were dissolved in tap water
containing ascorbic acid (100 mg/L) to prevent any oxidation
of L-DOPA and the stability of L-DOPA was routinely
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evaluated by HPLC analysis. It is therefore possible that the
chronic co-administration of an antioxidant together with L-
DOPA could have partially ameliorated the deleterious effect
of L-DOPA expected. Nevertheless, our results were com-
pared to those from WT mice that also received the same
treatment.

The longitudinal evaluation of motor activity using an ac-
celerating rota-rod test indicated there was a progressive im-
pairment in the ability to coordinate walking in Cgs-KO mice
treated with L-DOPA. This deterioration might be compatible
with the development of a neurodegenerative disease like
Parkinsonism. However, L-DOPA administration did not pro-
duce either tremor or a reduction in the distance traveled in the
open field test, although there was a non-significant tendency
for WT to decrease their ambulation, an effect reported in rats
that received higher doses of L-DOPA (Nikolaus, et al., 2014).
Conversely, Cgs-KO animals had a tendency to augment their
walking activity and although this effect coincided with what
we observed in untreated Cgs-KO animals at 8 months of age
(Pereda, Pardo, Morales, Dominguez, Arnau and Borges,
2015). We might speculate that this behavior is caused
through an amphetamine-like effect caused by the release of
excess CAs in the CNS. Rearing on the hind legs is a behavior
correlated to exploratory activity in a novel environment and
negatively associated with anxiety or fear (Lever, et al., 2006).
L-DOPA promoted a dramatic increase in rearing activity in
Cgs-KO mice, probably caused by the same mechanisms.
However, this alteration contrasts with that found in other
models in which there is a drastic reduction in rearing, such
as following chronic administration of the neurotoxic agent
rotenone to rats (Cannon, et al., 2009). To reduce the contri-
bution of the exploratory component to the walking and rear-
ing behaviors, we carried out a 24 h analysis of the motor
activity of mice in individual metabolic cages. As a result,
L-DOPA largely increased the rearing activity of WTanimals,
reaching the level of the Cgs-KOmice that are not affected by
L-DOPA. These findings contrasted with our original theory
that neurotoxicity would be promoted by large and persistent
levels of free DA and DOPAC in dopaminergic neurons, and
they are compatible with a disinhibition caused by the excess
of released CAs.

TH was mainly detected in the dorsal medial and ventro-
lateral part of the striatum, and in the cephalic domain of the
substantia nigra. Treatment with L-DOPA appeared to pro-
duce a loss of TH in the WT mice at both locations, yet in the
striatum it shifted to the ventrolateral region. Variations in the
location and amount of TH within the striatum and substantia
nigra seem to be important, as appeared to be characteristic in
patients with typical or idiopathic PD, with most patients
experiencing a milder variation in the ventral striatum. This
is not usually observed in other parkinsonism states, where
such a pattern of TH loss is not observed (Blesa, et al.,
2012, Brooks, 2010).

In the striatum of the four groups of animals, chronic ad-
ministration of low doses of L-DOPA failed to produce a
significant increase in DA, indicating that healthy nerve ter-
minals could regulate their amine content regardless of the DA
available. This contrasts to the situation that supposedly oc-
curs in the striatum of PD patients or that reported in animal
models using neurotoxic agents, where the DA content in-
creases in response to L-DOPA administration. This contrasts
with the elevation of DA in the substantia nigra, especially in
Cgs-KO mice. Neuronal bodies also exhibit weaker DA turn-
over, which was evident in KO animals but dramatically in-
creased in the mice treated with L-DOPA. The higher DA
levels in the substantia nigra were accompanied by a reduc-
tion in TH expression, probably caused by negative feedback
regulation.

In summary, the data presented here suggest that low doses
of L-DOPA, administered orally over a period of 6 months,
fail to produce nigro-striatal toxicity and well-defined parkin-
sonism symptoms. However, mice lacking Cgs exhibit an
amphetamine-like effect in response to such treatment, which
was probably caused by an excess of DA in the substantia
nigra.
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