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A B S T R A C T   

Cadmium (Cd) single and repeated exposure produces cognitive dysfunctions. Basal forebrain cholinergic neu-
rons (BFCN) regulate cognitive functions. BFCN loss or cholinergic neurotransmission dysfunction leads to 
cognitive disabilities. Thyroid hormones (THs) maintain BFCN viability and functions, and Cd disrupts their 
levels. However, Cd-induced BFCN damages and THs disruption involvement was not studied. To research this 
we treated male Wistar rats intraperitoneally with Cd once (1 mg/kg) or repetitively for 28 days (0.1 mg/kg) 
with/without triiodothyronine (T3, 40 µg/kg/day). Cd increased thyroid-stimulating-hormone (TSH) and 
decreased T3 and tetraiodothyronine (T4). Cd altered cholinergic transmission and induced a more pronounced 
neurodegeneration on BFCN, mediated partially by THs reduction. Additionally, Cd antagonized muscarinic 1 
receptor (M1R), overexpressed acetylcholinesterase S variant (AChE-S), downregulated AChE-R, M2R, M3R and 
M4R, and reduced AChE and choline acetyltransferase activities through THs disruption. These results may assist 
to discover cadmium mechanisms that induce cognitive disabilities, revealing a new possible therapeutic tool.   

1. Introduction 

Cadmium (Cd), a persistent (7–30 years biological half-life) global 
environmental toxic agent (Jin et al., 1998), causes a large number of 
intoxications in humans every year, damaging several organs (ATSDR, 
2012). Cd produces neuropathological and neurochemical alterations in 
central nervous system (CNS), leading to cognitive dysfunction (Chin--
Chan et al., 2015). In this regard, Cd has been suggested to play a role in 
the induction of neurodegenerative diseases, such as Alzheimer’s dis-
ease (AD) (Jiang et al., 2007). However, the mechanisms through which 
Cd produces the cognitive alterations remain poorly understood. 

Learning and memory processes are regulated by the cholinergic 
system (Maurer and Williams, 2017). Basal forebrain (BF) is one of the 
most important cholinergic regions in the CNS (Voytko, 1996). Basal 
forebrain cholinergic neurons (BFCN) send projections to the neocortex 
and the different hippocampal sub-regions, regulating cognitive process 

(Everitt and Robbins, 1997; Maurer and Williams, 2017; Ward and 
Hagg, 2000). BFCN are selectively lost in AD and other dementias, 
leading to cognitive disorders (Maurer and Williams, 2017). BFCN loss 
was associated with cognitive dysfunction through impartment of hip-
pocampal cholinergic regulation (Scheiderer et al., 2006), leading to a 
greater cognitive dysfunction the greater the losses of these neurons 
(Bierer et al., 1995). Therefore, the cholinergic neurotransmission 
disruption or selective BFCN cell loss could mediate the cognitive effects 
observed after Cd exposure. 

Previous studies showed that Cd disrupts cholinergic neurotrans-
mission and induced neuronal loss in the hippocampus, associating these 
alterations with the cognitive dysfunctions observed (El-Kott et al., 
2020; Figenschou et al., 1996; Mukherjee et al., 2010; Gupta et al., 
2017). Moreover, Cd was shown to alter cholinergic neurotransmission, 
decreasing acetylcholine (ACh) levels, antagonizing muscarinic 1 re-
ceptor (M1R), and downregulating M2R, M3R and M4R expression in 
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SN56 cholinergic neurons from BF (Del Pino et al., 2014; Moyano et al., 
2018a). It was also reported to induce selective choline 
acetyltransferase-positive cells (motor neurons) loss in the ventral horns 
of culture human fetal spinal cord (Sarchielli et al., 2012), or to induce a 
more pronounced, but not selective, cell death on primary BFCN culture 
(Del Pino et al., 2014). BF cholinergic SN56 cell death was reported to be 
partially mediated by acetylcholinesterase (AChE) variant S over-
expression and variant R downregulation (Del Pino et al., 2016a). 
Moreover, Cd induces M1R selective antagonization and downregulates 
M3R expression, leading to cell death in BF SN56 cells (Del Pino et al., 
2016a; Moyano et al., 2018a). Cd M1R antagonization was shown to 
mediate the more pronounced cell death in primary BFCN culture (Del 
Pino et al., 2016b). M1R and M3R activities are required for cell viability 
(Budd et al., 2004; De Sarno et al., 2003; Giordano et al., 2009; Medeiros 
et al., 2011) and learning and memory processes (Anagnostaras et al., 
2003; Atri et al., 2004; Poulin et al., 2010) maintenance. AChE-S variant 
overexpression was related with neurodegeneration and cognitive 
impairment (Sternfeld et al., 2000). Thus, Cd could induce these alter-
ations in BFCN, leading to the cognitive disorders observed. However, 
no studies were performed on BFCN in vivo, which could confirm that 
these alterations in vivo could lead to the hippocampal and cortex 
synaptic dysfunction and the cognitive alterations observed. 

Interestingly, Cd exposure was shown to produce a reduction in 
thyroid hormones (THs) serum levels in adult rats (Mohamed et al., 
2015). THs participate in the maintenance of BFCN (Patel et al., 1987), 
as well as that of the cognitive functions (Connor et al., 1991; Dubois 
et al., 1985). Moreover, thyroid clinical disorders are associated with 
dementia and cognitive dysfunction (Connor et al., 1991; Dubois et al., 
1985). In this way, it has been described that there is an interrelation 
between THs and the cholinergic system (Mafrica and Fodale, 2008), 
through the stimulation of the acetylcholine (ACh) metabolism, the in-
crease of AChE activity, and ACh release (Sarkar and Ray, 2001). THs 
were reported to regulate muscarinic receptors expression and ligand 
affinity (Moskovkin et al., 1989) and the AChE expression (Lebel et al., 
1994). Finally, THs levels reduction was also described to induce BFCN 
cell death (Patel et al., 1987). Therefore, Cd could induce THs disruption 
that triggers cholinergic neurotransmission disruption, and induces 
BFCN cell death, though these mechanisms, which may lead to cognitive 
disabilities. 

Taken together, these observations led us to hypothesize that single 
and repeated Cd exposure may induce cholinergic neurotransmission 
disruption and a non-selective, but more pronounced BFCN cell death by 
reducing THs levels. To test our hypothesis, we treated Wistar male rats 
with Cd (0.1 mg/kg and 1 mg/kg) with or without triiodothyronine (T3, 
40 µg/kg/day intraperitoneally) once and repetitively for 28 days. 
Providing experimental support for our hypothesis could help to further 
explain the cadmium neurotoxic mechanisms and the cognitive disor-
ders induced by cadmium and could provide a new approach to the 
treatment of these dysfunctions. 

2. Materials and methods 

2.1. Chemicals 

Cadmium chloride (99.99%), acetylcholine, tetraisopropylpyr-
ophosphoramide (iso-OMPA), acetylthiocholine, dithionitrobenzoic 
acid, and T3 were obtained from Sigma (Madrid, Spain). [14C] acetyl- 
CoA and [3H] pirenzepine were obtained from Perkin Elmer (Madrid, 
Spain). Whatman GF/B glass fiber filters paper was obtained from Mil-
lipore (Madrid, Spain). All other chemicals were reagent grade of the 
highest laboratory purity available. 

2.2. Animals and treatments 

European Union guidelines (2010/63/EU) and the Spanish Royal 
Decree 53/2013 on the protection of experimental animals were 

employed to develop our research. Adult male Wistar rats, 60 days old 
and average body mass of 200–210 g (Charles River, Barcelona, Spain) 
were used. Rats were maintained, individually, in a room with a 
controlled photoperiod (12 h light/12 h darkness) and temperature (22º 
+/- 2ºC) and were supplied with food and water ad libitum. Two groups, 
of 72 animals each, were used depending on whether the experiment 
lasted 2 or 28 days, respectively. Within each of these groups, the rats 
were randomly assigned into four experimental subgroups treated with 
vehicle (control group), cadmium, T3, or cadmium + T3 (18 animals per 
subgroup). Then, 6 rats from each one of these four experimental sub-
groups were randomly assigned for the anatomic-pathological studies (n 
= 24), another 6 rats for the gene expression studies (n = 24), and the 
remaining 6 rats per subgroup for the determination of different bio-
molecular parameters (n = 24). The study on plasma T3, tetraiodo-
thyronine (T4) and thyroid stimulation hormone (TSH) levels was 
carried out on 6 animals taken at random from the total number of 
animals in each experimental subgroup. All the studies were blinded to 
avoid biases. 

Animals were treated intraperitoneally with physiological saline 
solution (vehicle control groups), with CdCl2 (1 mg/kg for single 
treatment or 0.1 mg/kg/day for 28 consecutive days), with T3 (40 µg/kg 
for both single and for 28 consecutive days treatment), and with CdCl2 
+T3 at the same doses and time as described above. 

We chose 0.1 mg/kg and 1 mg/kg doses [equivalent to 1/55 and 1/ 
20 of the LD50 (LD50 value was previously determined, data not shown)] 
because they have been previously described to correspond to the values 
that induce neurodegeneration and cognitive alterations after Cd 
intraperitoneally repeated treatment in rats (Chouit et al., 2021; 
Elkhadragy et al., 2018; Lamtai et al., 2021). T3 (40 µg/kg/day) dose 
was chosen because it is a safe dose and it reverses the cognitive effects 
according to previous studies (Seyedhosseini et al., 2019). 

All animals were sacrificed 2 days after single treatment or 1 day 
after the last repeated (28 days) treatment. We chose to sacrifice the 
animals 2 days after single treatment because histological changes were 
reported to appear in brain tissue approximately after 2 days of exposure 
to neurotoxic compounds (Bolon and Butt, 2011). 

2.3. Tissue preparation for pathological and molecular studies 

Craniotomy was performed and the intact brains were excised. 
Brains for pathological studies were fixed in 10% neutral buffered 
formalin for 3 days. Trimming of the brain was performed according to 
the National Toxicology Program (NTP) protocol (Rao et al., 2014), in 
conjunction with a standard rodent brain atlas (Paxinos and Watson, 
2013). Brain sections obtained were paraffin-embedded, cut with a 
rotatory microtome (5 µm in thickness), stained with hematoxylin and 
eosin (H-E; Coverstainer, Dako), and microscopically examined (Nikon 
E200, Madrid, Spain). Two neuroanatomical sections of interest were 
selected based on published recommendations, using the “Bregma co-
ordinate”. The Bregma coordinate is expressed in millimeters (mm) and 
characterized by positive or negative values according to their position 
rostral o caudally, respectively, to the zero Bregma plane. One of the 
sections we selected was Bregma + 0.84 mm, where the medial septal 
nucleus and the diagonal band of Broca (vertical and horizontal limbs) 
were represented. The other section we selected was Bregma − 1.44 
mm, where the nucleus basalis of Meynert was represented. We delin-
eated the anatomical landmark for each BF nucleus in the H-E stained 
sections according to published studies (Lee et al., 2013; Paxinos and 
Watson, 2013; Traissard et al., 2007) (Fig. 1). 

Brains selected for molecular studies were dissected using a dis-
secting stereomicroscope (Olympus SZ51, Barcelona, España) at 4 ◦C 
(Glowinski and Iversen, 1966) and BF was extracted. BF tissues samples 
were washed with ice-cold phosphate-buffered saline, weighed and 
homogenized by sonication in 100 µl of cold lysis buffer (Tris 50 mM, pH 
7,6, EDTA 1 mM, NaCl 150 nM, Triton X-100 1%), and then centrifuged 
at 10,000 x g for 15 min at 4ºC. The supernatant was decanted into a new 
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tube (Zheng et al., 2002) and the pellet was re-suspended in the same 
buffer at a protein concentration of 3 mg/ml, and both were stored at – 
80ºC for further analysis. 

2.4. Thyroid hormone levels quantification in plasma and BF 
homogenized tissue 

Thyroid hormones were determined by measuring the levels of T4, 
T3 and TSH in plasma and BF homogenized tissue, following the pro-
tocol described in T4 (MBS261867), T3 (MBS700273) and TSH 
(MBS729687) ELISA kits (MyBioSource, Madrid, Spain). Blood samples 
were collected in heparinized centrifuge tubes and centrifuged at 1000 x 
g for 15 min at 4ºC. Plasma and tissue homogenized samples (100 µl) 
were assayed in duplicate using the enzyme immunoassay (EIA) tech-
nique. Plasma volume and tissue weight were used to normalize ELISA 
values (ng/ml) that were expressed as ng/ml and pg/mg. 

2.5. Immunohistochemistry 

For immunohistochemistry examination, fully automated platform 
BenchMark ULTRA (Roche, Madrid, Spain) was used. First, 4 µm thick 
coronal sections were deparaffinized before being subjected to heat- 
induced antigen retrieval in citrate buffer pH 6 at 91 ◦C (950–123, 
Roche, Madrid, Spain) for 56 min (ChAT antibody) or for 24 min (NeuN 
antibody). 

The samples were incubated for 30 min at 37 ºC with the following 
primary antibodies (Table 1). The sections were rinsed and incubated for 
30 more minutes with biotinylated secondary antibodies and submitted 
to a streptavidin-biotin peroxidase complex. Antibody incubation was 
followed by standard signal amplification with the Ventana amplifier kit 
UltraWash (Roche, Madrid, Spain) followed by counterstaining with one 
drop of hematoxylin (760–2021, Roche, Madrid, Spain), for 4 min and 
one drop of bluing reagent (760–2037, Roche, Madrid, Spain) for 4 min. 
For chromogenic detection, an UltraView Universal DAB detection kit 
(Roche, Madrid, Spain) was used. 

2.6. Histological analysis 

Histological effects of cadmium were evaluated on the three BF 
nuclei described above. Neuronal necrosis, which was characterized by 
shrunken, darkly stained pyknotic cells (Garman, 2011), was evaluated 
both on all types of neurons and only on the cholinergic neurons with the 

immunohistochemical marker ChAT. A quantitative analysis was made 
in the previously delineated BF nuclei. 

Neuronal viability was evaluated with the immunohistochemical 
marker NeuN, which is a nuclear protein present in postmitotic neurons 
(Gusel’nikova and Korzhevskiy, 2015). A quantitative analysis of NeuN 
positive neurons in each delineated BF nucleus was made. 

2.7. Acetylcholine content analysis 

ACh content was determined in the homogenized tissue samples with 
a commercial colorimetric/fluorimetric kit (Abcam, Cambridge, UK) 
(Reale et al., 2012). Briefly, aliquots of supernatant from homogenized 
samples were lyophilized and reconstituted in 50 µl Choline Assay 
Buffer, which was mixed with 50 µl of reaction solution and included 
choline assay buffer, choline probe, enzyme mix and AChE. We per-
formed the assay of each sample in triplicate. The level of ACh 
(pmol/well) was calculated by plotting the fluorescence of each sample 
in relation to the choline standard curve. The measurement of the 
fluorescence was determined at λ Ex/Em 535/587 nm. 

2.8. AChE activity analysis 

AChE activity was determined with standard Ellman’s thiocholine 
technique (Ellman et al., 1961) including minor modifications by Härtl 
et al. (2011) and Zimmermann et al. (2008) and normalization against 
total protein. Briefly, supernatant from tissue homogenated samples 
(10 µl) was pipetted into a 96-well microtiter plate containing Ellman 
buffer as well as iso-OMPA, (final concentration 100 µM). The addition 
of acetylthiocholine (1 mM final concentration) and dithionitrobenzoic 
acid (500 µM final concentration) initiated the kinetic assay. Absor-
bance was read using a plate reader (412 nm). All samples were run in 
triplicate. AChE activity was calculated as nmol/h/mg protein. Butyr-
ylcholinesterase activity was inhibited by the use of Iso-OMPA. 

2.9. ChAT activity analysis 

Acetyl-CoA acetyl group transfer from the coenzyme is catalyzed by 
ChAT, yielding ACh. Supernatant tissue homogenates were assayed to 
measure ChAT activity with a modified radio-enzyme assay of Fonnum 
(Fonnum, 1975), in which [14C] acetyl-CoA is incorporated into ACh, as 
described by Mennicken and Quirion (1997) and Zheng et al. (2002). 
The measure of the radioactivity corresponding to the reaction product 
([14 C] ACh) was performed by organic liquid scintillation counting. All 
ChAT activity values, obtained in triplicate for each sample, were 
expressed as pmol ACh synthesized/h/mg protein. 

2.10. M1R radioligand binding assay 

Evaluation of [3H] pirenzepine binding to neuronal membranes 

Fig. 1. Photomicrographs of Wistar rats’ H-E stained sections, with anatomical landmarks of each basal forebrain nucleus. Bregma + 0.84 mm (A) and Bregma 
− 1,44 (B). 

Table 1 
Primary antibodies used for immunohistochemical studies.  

Antibody Clone Company Dilution 

NeuN A60 Millipore, Burlington, Massachusetts, USA 1/100 
ChAT JA67–11 NovusBio, Centennial, USA 1/100  
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displacement was used to assay Cadmium affinity for M1 muscarinic 
receptor was assessed by evaluating. Assays were carried out with [3H] 
pirenzepine 10 nM, 5 mg of pellet from homogenized tissue and one of 
the Cd concentrations (including zero) in each tube. Each analysis was 
performed in triplicate. The reaction was started with the addition of the 
cell membranes, and the tubes were incubated at 22 ◦C for 60 min. The 
incubation was terminated by the addition of 5 ml of ice-cold buffer and 
rapid filtration through Whatman GF/B glass fiber filter paper (pre-
soaked in 0.5% polyethylenimine). The filters were washed twice with 
5 ml of ice-cold buffer and transferred to scintillation vials to which 3 ml 
of Beckman Ready Safe scintillation cocktail was added. Binding values 
obtained (pmol) were normalized by protein concentration values pro-
ducing a final unit of pmol/mg. 

2.11. Real-time PCR analysis 

Trizol Reagent method (Invitrogen, Madrid, Spain) was used to 
extract total RNA. The quality of total RNA samples was assessed with an 
ExperionLabChip (Bio-Rad, Madrid, Spain) gel and the final RNA con-
centration was determined with a spectrophotometer Nanodrop 2000 
(ThermoFisher Scientific, Madrid, Spain). 1000 ng of cRNA were used to 
synthesize first-strand cDNA with the use of a PCR array first strand- 
synthesis kit (C-02; SuperArrayBioscience, Madrid, Spain) following 
the manufacturer’s instructions and adding a genomic DNA elimination 
step and external RNA controls. Following reverse transcription, qPCR 
was performed with prevalidated primer sets (SuperArray Bioscience) 
for mRNAs encoding ChAT (PPR55620A), VAChT (PPR44602A), CHT 
(PPR49836A), M1R (PPR06806A), M2R (PPR06780B), M3R 
(PPR06829B), M4R (PPR06779A), M5R (PPR49739B), and ACTB 
(PPM02945B). Primers for both AChE isoforms R and S (Table 2) were 
taken from Jameson al., (2007). For internal control for normalization, 
ACTB was used. Reactions were run on a CFX96 using Real-Time SYBR 
Green PCR master mix PA-012 (SuperArray Bioscience). The thermo-
cycler parameters were 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C 
for 15 s and 72 ◦C for 30 s, except for AChE isoforms for which the last 
temperature was 60 ◦C for 30 s. Relative changes in gene expression 
were calculated using the Ct (cycle threshold) method. The expression 
data are presented as actual change multiples (Livak and Schmittgen, 
2001). 

2.12. Protein analysis 

Homogenized tissue samples were used to determine total protein 
concentration with a BCA kit (ThermoFisher Scientific, Madrid, Spain). 

ChAT, VAChT, CHT, M1R, M2R, M3R, M4R, and M5R protein levels 
were measured by ELISA kits (MBS2021158, MBS103012, MBS456309, 
MBS923894, MBS008507, MBS053456, MBS1605100, and 
MBS9318086, respectively; MyBioSource, CA, USA), following the 
producer’s guidelines. Performance of a Negative Control allowed to 
rule out interferences of Cd with kits reagents. Total protein concen-
trations determined by BCA kit were used to normalize protein con-
centrations of each target gene, avoiding deviation from real value 
proteins content due to cell death induction. Protein content was 
determined as ng/mg or pg/mg of protein. 

2.13. Statistical analysis 

Data were represented as mean ± standard deviation (SD). Com-
parisons between experimental and control groups, for quantitative 
variables, were made by Student’s t test (for single treatment analysis) or 
one-way ANOVA (for multiple treatment analysis) followed by the 
Tukey post hoc test. Statistical difference was accepted when p ≤ 0.05. 
Statistical analysis of data was carried out by computer using GraphPad 
5.0 software. 

3. Results 

3.1. Evaluation of thyroid hormone levels in plasma and BF 

We determined the Cd effects on thyroid hormone levels in plasma 
and BF after single and repeated treatment in order to study the possible 
involvement of their alteration with the Cd neurotoxic effects in BF. 
Following single (1 mg/kg) and continuous (0.1 mg/kg) cadmium 
treatment, a significant TSH levels increase in both plasma (Fig. 2E) and 
BF (Fig. 2F) was observed compared to the control group. However, Cd 
treatment induced a significant T3 and T4 levels decrease both in plasma 
(Figs. 2A and C, respectively) and BF (Figs. 2B and D, respectively), 
compared to the control group, after single (1 mg/kg) and continuous 
(0.1 mg/kg) exposure. The reduction percentage in T3 and T4 levels and 
the increased percentage of TSH levels were higher in BF than plasma 
(Fig. 2). 

3.2. Effects on basal forebrain neurons 

We determined the number of all necrotic neurons (total-necrotic 
neurons), the cholinergic necrotic neurons (ChAT+-necrotic neurons), 
and no-damaged neurons (NeuN+ neurons) on BF in order to evaluate 
the Cd effects on neuronal viability and the involvement of thyroid 
hormones disruption in these effects. Cadmium effects on total-necrotic, 
ChAT+ -necrotic, and NeuN+ neurons were evaluated on the 3 delin-
eated BF nuclei (medial septal nuclei, diagonal band of Broca and basal 
nucleus of Meynert) by counting total-necrotic (Fig. 3G and H) and 
cholinergic necrotic (Fig. 3I) neurons, as well as NeuN+ neurons 
(Figs. 4H and I). After evaluating total-necrotic, cholinergic necrotic, 
and NeuN+ neurons in each BF nucleus individually, significant differ-
ences between the 3 BF nuclei for these parameters were not found. 
Thus, results were expressed as an average of the data obtained from the 
3 BF nuclei for each parameter. 

Cadmium single (1 mg/kg) or continuous (0.1 mg/kg) treatment 
induced a significant increase in the number of total-necrotic (Fig. 3A 
and B) and ChAT+ -necrotic (Fig. 3C and D) neurons in BF. The majority 
of necrotic neurons were cholinergic neurons (Fig. 3A–D). Cd-induced a 
higher increase in the percentage of ChAT+ -necrotic neurons than in 
total-necrotic neurons (Figs. 3E and F). After single and repeated T3 co- 
treatment with Cd, a partial reversion of the increase in the number of 
total-necrotic (Fig. 3A and B) and ChAT+ -necrotic (Fig. 3C and D) 
neurons was observed. The percentage of this reversion was higher in 
ChAT+ -necrotic neurons than in total-necrotic neurons (Fig. 4A–D). 

The number of total (Fig. 4 A and B) and ChAT+ (Fig. 4C, D, and G) 
neurons was not affected after Cd treatment, neither in the group of rats 
exposed to one dose nor in the group exposed continuously (28 days). 
However, a substantial decrease in the number of NeuN+ neurons was 
observed in BF after single (1 mg/kg) and continuous (0.1 mg/kg) Cd 
treatment (Figs. 4E and F). Following single T3 co-treatment with cad-
mium, a significant partial reversion was produced on the reduction in 
the numbers of NeuN+ neurons observed after Cd single treatment 
alone, but this reversion was not significant after Cd and T3 continuous 
co-treatment (Figs. 4E, F, H and I). 

Table 2 
Primers used for quantitative real-time PCR analyses.  

Abbreviation Gene Reference Forward (F) and reverse (R) 
primers 

AChE-S Acetylcholinesterase (Jameson 
et al., 2007) 

F- 
ccctcactgaactacaccgtggag 
R- cggccttccactggcgctcc 

AChE-R Acetylcholinesterase (Jameson 
et al., 2007) 

F- 
ccctcactgaactacaccgtggag 
R- gtccttccaacccttgccgccttg  
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3.3. Evaluation of AChE and ChAT activities and ACh content 

Cd effects on AChE and ChAT activities and ACh content in BF, after 
single and repeated treatment, were studied in order to determine the 
possible alteration of cholinergic transmission, the potential 

mechanisms involved and the role of thyroid hormones disruption in 
these effects. Cd single (1 mg/kg) and continuous (0.1 mg/kg) treatment 
induced a significant decrease in AChE (Figs. 5A and B) and ChAT 
(Figs. C and D) activities and ACh content (Figs. 5E and F) compared to 
their control groups. T3 single and continuous treatment alone did not 

Fig. 2. Cd (1 mg/kg and 0.1 mg/kg) effects on T3 (A and B), T4 (C and D), and TSH (E and F) contents (ng/mg protein or pg/mg protein) after once and 28 days of 
treatment in rat plasma and BF. Data represent the mean ± SD. * **p ≤ 0.001 compared to control. 
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Fig. 3. Effects of cadmium, with or without T3 (40 µg/kg), on Wistar rats’ basal forebrain total-necrotic and ChAT+ -necrotic neurons after acute (1 mg/kg) (figures 
A, C, E) and continuous (0.1 mg/kg) (figures B, D, F) exposure. Data represents the mean ± SD of the number of total-necrotic neurons (figures A, B), ChAT+ - 
necrotic neurons (figures C, D) and the percentage variation of total and ChAT+ -necrotic neurons (figures E, F) compared to control. * **p < 0.001 compared to 
control (figures A-F); #p < 0.05 (figure B), ##p < 0.01 (figure A) and ###p < 0.001 (figures C, D) compared to cadmium treatment; ##p < 0.01 (figures E, F) 
compared to total-necrotic neurons. Figs. G and H show photomicrographs of H-E stained Wistar rat’s medial septal nucleus sections, illustrating cadmium effects on 
necrotic neurons. Fig. G (x200) shows four necrotic neurons (arrows) after single Cd treatment, whereas figure H shows neurons with histological artifact (“dark 
neurons”) and only one necrotic neuron (arrow), following single Cd and T3 co-treatment. Figure I (x100) shows ChAT+ -necrotic cholinergic neurons (arrows) after 
single Cd and T3 co-treatement through anti-ChAT immunohistochemical staining. 
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Fig. 4. Effects of cadmium, with or without T3 (40 µg/kg), on Wistar rats’ basal forebrain ChAT+ and NeuN+ neurons after acute (1 mg/kg) (figures A, C, E) and 
continuous (0.1 mg/kg) (figures B, D, F) exposure. Data represents the mean ± SD of the number of all types of neurons (figures A, B), ChAT+ neurons (figures C, D) 
and NeuN+ neurons (figures E, F) compared to control. * *p < 0.01 compared to control (figure E); *p < 0.05 compared to control (figure F); ##p < 0.01 compared 
to cadmium treatment (figure E). Figures G, H and I show photomicrographs of Wistar rat’s medial septal nucleus sections, illustrating the effects of single Cd 
treatment on ChAT+ and NeuN+ neurons. Fig. G (x200) shows ChAT+ cholinergic neurons (arrows) after single Cd treatment through anti-ChAT immunohisto-
chemical staining. Figs. H (x100) and I (x200) show NeuN+ neurons through immunohistochemical staining, illustrating a substantial decrease of NeuN+ neurons in 
figure H (single Cd treatment), compared to figure I (single Cd and T3 co-treatment). 
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alter the AChE and ChAT activities and the ACh content compared to 
their control groups (Fig. 5A–F). Following single and continuous T3 co- 
treatment with cadmium, a partial reversion was produced on the 
reduction in AChE (Figs. 5A and B) and ChAT (Figs. 5C and D) activities 
and in ACh content (Figs. 5E and F) observed after Cd single and 
continuous treatment alone. 

3.4. Evaluation of muscarinic receptors expression and M1R 
antagonization 

Cd effects on muscarinic receptors expression and muscarinic 1 re-
ceptor antagonization in BF, after single and repeated treatment, were 
studied in order to determine the potential mechanisms involved in 

Fig. 5. Cd (1 mg/kg and 0.1 mg/kg) effects with or without T3 (40 µg/kg) on AChE activity (A and B; nmol/h/mg protein), ChAT activity (C and D; pmol/h/mg 
protein), and ACh content (E and F; pmol/mg protein) after single and 28 days of treatment in rat BF. Data represent the mean ± SD. * **p ≤ 0.001 and * *p < 0.01 
compared to control. ##p ≤ 0.01 and #p ≤ 0.05 compared to Cd treatment. 
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cholinergic transmission alteration and neurodegeneration as well as the 
role of thyroid hormones disruption in these effects. Cd single (1 mg/kg) 
and continuous (0.1 mg/kg) treatment induced a significant decrease in 
the M2R (Figs. 6A and B), M3R (Figs. 6C and D) and M4R (Figs. 6E and 
F) expressions, but no effect was observed in M1R and M5R expression 
(data not shown). The higher reduction was observed in M2R and the 
lowest reduction was observed in M4R after single and repeated Cd 
treatment (Fig. 6A–F). T3 single and continuous treatment alone did not 
alter the muscarinic receptors’ expression compared to their control 
groups (Fig. 6A–F). Following single and continuous T3 co-treatment 
with cadmium, a partial reversion was produced on the reduction in 
M2R (Figs. 6A and B), M3R (Figs. 6C and D) and M4R (Figs. 6E and F) 
expression observed after Cd single and continuous treatment alone. 

We assessed Cd affinity for M1 muscarinic receptor, by evaluating 
displacement of [3H] pirenzepine binding to neuronal membranes. 
Single (1 mg/kg) and continuous (0.1 mg/kg) cadmium treatment 
induced a significant decrease in [3H] pirenzepine levels in BF, 
compared to the control group (Figs. 6G and H), showing the displace-
ment of the selective muscarinic 1 receptor antagonist (pirenzepine). T3 
single and continuous treatment alone did not alter the [3H] pirenzepine 
binding to neuronal membranes compared to their control groups 
(Fig. 6G–H). After single and continuous T3 co-treatment with Cd, a 
partial reversion was produced on [3H] pirenzepine binding displace-
ment observed after Cd single and continuous treatment alone (Figs. 6G 
and H). 

3.5. Evaluation of AChE variants, ChAT, CHT and VAChT expression 

Cd effects on AChE variants, ChAT, CHT and VAChT expression in 
BF, after single and repeated treatment, were studied in order to 
determine the potential mechanisms involved in cholinergic trans-
mission alteration and neurodegeneration as well as the role of thyroid 
hormones disruption in these effects. After single (1 mg/kg) and 
continuous (0.1 mg/kg) cadmium treatment no effect was observed on 
CHT, VAChT and ChAT expression (data not shown), but a significant 
increase in AChE-S gene expression (Figs. 7A and 7), and a significant 
decrease in AChE-R gene expression (Figs. 7 and 7) compared to the 
control group was produced. T3 single and continuous treatment alone 
did not alter the AChE-S and AChE-R gene expression compared to their 
control groups (Fig. 7A–D). After single and repeated T3 co-treatment 
with Cd, a significant partial reversion was produced on AChE-S over-
expression (Figs. 7 and 7) and AChE-R downregulation observed after Cd 
single and continuous treatment alone (Figs. 7 and 7). 

4. Discussion 

The present study shows that after 2 (1 mg/kg) or 28 days (0.1 mg/ 
kg) Cd intraperitoneal treatment, a significant increase of TSH levels, as 
well as a significant decrease of T3 and T4 levels in plasma and BF was 
produced. This is the first study of Cd effects on THs levels in BF or any 
brain region. Brain (Hojvat et al., 1982) and cerebrospinal fluid (Schaub 
et al., 1977) TSH presence has been reported, which supports our results. 
Additionally, although the intact blood-brain barrier (BBB) prevents 
most of Cd access into the brain, it can penetrate the adult brain with a 
functional intact BBB via the olfactory pathway or through damaged 
areas, allowing both Cd and other molecules’ accumulation in the brain 
(Branca et al., 2019; Carmona et al., 2021; Wang and Du, 2013). Thus, 
Cd BBB ingress may facilitate the TSH diffusion into the brain, 
explaining the higher increase in TSH levels observed. However, the 
higher reduction in the percentage of THs levels observed in BF seems to 
not be due to this reason but to be probably mediated through an in-
crease in their metabolism, since Cd could alter deiodinases activity 
(Buha et al., 2018: Mori et al., 2006). Otherwise, the presence of active 
TSH receptors in neurons and astrocytes of both animal and human 
brain has been described (Crisanti et al., 2001; Moodley et al., 2011; 
Naicker and Naidoo, 2018), suggesting the TSH mediation of different 

brain actions. In this sense, TSH was reported to control intake regula-
tion in rats (Smedh et al., 2018) or was associated with cognitive 
function regulation in mice (Mouri et al., 2014). Thus, the TSH levels 
alteration observed in BF could participate in the cognitive disorders 
induced after Cd exposure. 

The increase observed in TSH plasma levels could be an 
hypothalamus-hypophysis homeostatic response aimed at compensating 
the decrease in T3 and T4 plasma levels. However, as Cd is able to 
damage the thyroid gland (Buha et al., 2018), TSH upregulation may not 
be able to compensate the THs synthesis reduction. Cd (50 mg/kg and 
200 mg/kg) was described to decrease T3 and T4 levels and to increase 
TSH levels after oral continuous exposures (from 28 to 35 days) in rats 
plasma (Hammouda et al., 2008; Mohamed et al., 2015). TSH levels 
were reported to also be increased after Cd (1.5 mg/kg and 100 mg/kg) 
oral exposure for 30 days (Caride et al., 2010; Lafuente et al., 2003). 
These results are consistent with our findings. Conversely, some studies 
reported a decrease in TSH levels, as well as in T3 and T4 levels, after Cd 
(1.4–15 mg/kg) oral continuous exposure (28 and 84 days) (Curčić 
et al., 2012; Zienab and Heba, 2009). Finally, Cd (0.75 mg/kg or 
7.5 mg/kg) oral exposure for 12 months produced only a decrease in T4 
levels, keeping T3 and TSH levels unaltered in rats (Piłat-Marcinkiewicz 
et al., 2003). There are no studies in rodents of Cd effects on THs levels 
after single exposure, although there are in other species, with dis-
crepancies on the sign of the effect (Buha et al., 2018). The differences 
observed between these studies, as well as with our results, may be due 
to differences in treatment time, weight of the animals, sex, age and 
route of Cd exposure. 

Our results also show for the first time, that Cd exposure, after 2 
(1 mg/kg) or 28 days (0.1 mg/Kg), induces an increase in the percentage 
of total-necrotic and ChAT+ -necrotic neurons in BF. Cd-induced a 
higher increase in the percentage of ChAT+ -necrotic neurons, indi-
cating that cholinergic neurons are more sensitive to Cd toxicity. 
Although no studies were previously performed in BF in vivo, our results 
are consistent with those that observed more sensibility to Cd toxicity in 
BF primary cultures after Cd single and repeated treatment (Del Pino 
et al., 2014) or after Cd single treatment in cholinergic motor neurons 
from the cultured ventral horns of the spinal cord explants (Sarchielli 
et al., 2012). Moreover, Cd was reported to induce histological changes, 
mainly at cerebral cortex level, in rats and mice treated orally with 
different doses and exposure times (Afifi and Embaby, 2016; Chen et al., 
2014; Yang et al., 2015). Additionally, several studies have shown that 
Cd (1–6.5 mg/kg in rats or 20 mg/kg in mice) intraperitoneal long-term 
treatment produces neuronal apoptotic cell death in rat and mouse 
frontal cortex and hippocampus (Almeer et al., 2019; Khan et al., 2019; 
Mahdavi et al., 2018) or necrosis in mouse frontal cortex (Ivanova et al., 
2017). Furthermore, Cd (1.5–3.5 mg/kg) single intraperitoneal treat-
ment induces apoptotic or necrotic neuronal cell death after single Cd 
(4 mg/kg or 8 mg/kg, respectively) treatment in rat neurons from the 
rostral ventrolateral part of the medulla (Chen et al., 2019). These 
studies support the results shown in our study. 

Although our results showed a significant increase of total-necrotic 
and ChAT+ -necrotic neurons, a significant reduction in total or 
ChAT+ neurons number was not observed. This seems to indicate that at 
the doses and times of Cd exposure in our study, the damage is selective 
at neuronal level, without induction of diffused damage and a significant 
cell populations loss. However, intraperitoneally single Cd (4 and 8 mg/ 
kg) treatment was reported to reduce the number of neurons in the 
rostral ventrolateral part of the medulla in rats (Chen et al., 2019), or by 
oral continuous Cd (1.5 mg/kg) exposure in rat hippocampus (Hao et al., 
2020). The difference between our results and those studies may be due 
to the doses used being higher than those used in our study, so we are 
probably observing an initial stage of damage without a reduction in the 
number of neurons that would occur at higher doses. 

Our work also shows, for the first time, a substantial decrease of 
NeuN+ neurons after single (1 mg/kg) and continuous (0.1 mg/kg) 
treatment in BF. Sarchielli et al. (2012) described a decrease, directly 
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Fig. 6. Cd (1 mg/kg and 0.1 mg/kg) effects with or without T3 (40 µg/kg) co-treatment on M2R (A and B), M3R (C and D), and M4R (E and F) expression levels (pg/ 
mg protein) and [3H] pirenzepine levels (pmol/mg protein) after single and 28 days of treatment in rat BF. Data represent the mean ± SD. * **p ≤ 0.001, * *p < 0.01 
and *p < 0.05 compared to control. ###p < 0001, ##p ≤ 0.01 and #p ≤ 0.05 compared to Cd treatment. 
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proportional to the Cd concentrations (10 and 100 µM for 1 day), of 
NeuN+ and ChAT+ neurons at the level of the ventral horns of the 
spinal cord, supporting our results. NeuN is a neuronal marker associ-
ated with damage, but not with neuronal death. In this sense, it was 
described that this marker staining is completely absent in rat striatum 
with cerebral ischemia (Kirik et al., 2009; Korzhevskii et al., 2009). The 
NeuN has also been reported to disappear from damaged pyramidal 
neurons in hippocampus (Korzhevskii et al., 2006), as well as from 
neurons present in brain regions with associated brain damage (Davoli 
et al., 2002; Igarashi et al., 2001; Unal-Cevik et al., 2004). Therefore, the 
reduction in the number of NeuN+ observed in our study seems to 
indicate that Cd is inducing BF neurons damage, leading to their 
degeneration, although this damage is not enough at the doses studied to 
produce a significant reduction in the number of neurons. 

Following single and repeated T3 co-treatment with Cd, we observed 
a partial reversion of the percentage of total-necrotic and ChAT+ - 
necrotic neurons, as well as NeuN+ neurons number reduction (in this 
case only after acute exposure) in BF, denoting the THs disruption 
involvement on the BF neurodegeneration produced, and particularly in 
BFCN, which was not previously described. THs are essential for cell 
viability maintenance, especially of BFCN (Gould and Butcher, 1989), 
and their reduction leads to neuronal cell death (Patel et al., 1987; Patel 
et al., 1988), which support our results, and may lead to cognitive 
dysfunction as previously described (Ammassari-Teule et al., 1993). T3 
co-treatment with Cd for 28 days did not attenuate the NeuN+ neurons 
number decrease observed after 28 days Cd treatment alone, which may 

be due to the fact that the T3 dose administered was the same every day 
of treatment, but T3 levels were decreased progressively during the 
treatment period. Thus, the dose of T3 used could be insufficient to 
reverse the damage observed at the end of the experiment. 

We also observed that Cd treatment, both single (1 mg/kg) and 
continuous (0.1 mg/kg), produced a significant decrease of ACh content 
and AChE and ChAT activities, but no effect on CHT and VAChT 
expression was observed in BF. The reduction of ACh content appears to 
be mediated by the reduction in ChAT activity since the decrease in 
AChE activity leads to an ACh content increase, but we cannot rule out 
the participation of other mechanisms, such as a reduction in ACh 
release as was observed in other studies (Alberts et al., 1985; Hayashi 
and Takayama, 1978). To our knowledge, there are no in vivo studies 
that evaluate Cd effects on these targets in BF. However, our in vivo 
results are consistent with that observed after Cd single and repeated 
treatment of cultured SN56 cholinergic neurons from BF (Del Pino et al., 
2014). Moreover, Cd (1 mg/kg and 2 mg/kg) single oral treatment was 
reported to inhibit ChAT activity in spermatozoa from rat epididymis 
(Dwivedi, 1983). Additionally, Cd (1 mg/kg, 2 mg/kg and 5 mg/kg) 
treatment for 8 h was reported to decrease AChE brain activity in rats 
(Carageorgiou et al., 2004), as well as in mice treated subcutaneously 
with Cd (1.83 mg/kg) for 4 weeks (Luchese et al., 2007). Besides, Cd 
(2 mg/kg) gavage treatment for 30 days also decreased AChE activity in 
rat hippocampus, cerebellum and hypothalamus (Gonçalves et al., 
2010), supporting our results. Conversely, Cd (1 mg/kg) intraperitone-
ally treatment for 14 days or intramuscularly for 4 months was also 

Fig. 7. Cd (1 mg/kg and 0.1 mg/kg) effects with or without T3 (40 µg/kg) on AChE-S (A and B) and AChE-R (C and D) gene expression after single and 28 days of 
treatment in rat BF. Data represent the mean ± SD and are presented as a percentage of control. * **p ≤ 0.001, compared to control. ###p < 0001 and ##p ≤ 0.01 
compared to Cd treatment. 

E. Sola et al.                                                                                                                                                                                                                                     



Environmental Toxicology and Pharmacology 90 (2022) 103791

12

described to increase AChE activity in rats (Carageorgiou et al., 2004, 
2005). In this sense, Fasitsas et al. (1991) described the existence of a 
biphasic Cd effect on AChE activity, producing an opposite effect as a 
function of the time that passes after Cd exposure. These differences 
observed between our study and other studies could be due to these 
studies being carried out in whole brain and not by regions, which may 
mask opposing effects on activity according to the region, or could be 
due to the different times, routes, and doses of Cd exposure. 

Cd single and repeated treatment also produced M1R antagonization 
and decreased M2R, MR3 and MR4 gene and protein expression, but it 
did not affect M1R and M5R gene expression in BF. Cd single and 
repeated treatment was shown to antagonize M1R and decreased M2R, 
M3R and MR4 gene and protein expression in BF SN56 cholinergic 
neurons (Del Pino et al., 2016a). In addition, Cd (5 mg/kg) oral treat-
ment for 28 days antagonizes M1R and decreases M1R, M2R and M4R 
gene expression in rat frontal cortex and hippocampus (Gupta et al., 
2017), which supports our results. The differences observed between our 
results and those of Gupta et al. (2017) on the expression of M1R and 
M3R, could be due to the differences in the region studied, the vehicle 
used (physiological serum in our study vs distilled water), the exposure 
route and the dose employed (0.1 mg/kg vs 5 mg/kg, respectively). ACh 
content and muscarinic receptors alteration indicates that Cd alters 
cholinergic transmission, thus being able to produce the cognitive al-
terations observed through this effect. In this sense, M1R to M4R were 
shown to regulate learning and memory processes (Atri et al., 2004; 
Bainbridge et al., 2008; Bubser et al., 2014; Galloway et al., 2014; Zheng 
et al., 2012). Finally, T3 co-treatment with Cd partially reversed the 
effects produced on ACh content, on AChE and ChAT activity and 
muscarinic receptors, showing that Cd alters the cholinergic trans-
mission through the THs disruption. THs regulate ChAT expression in 
CNS neurons, and especially in BFCN (Hefti et al., 1989; Honegger and 
Lenoir, 1980). THs deficiency was shown to induce a decrease in ChAT 
activity in different brain areas (Kalaria and Prince, 1985; Kojima et al., 
1981; Valcana, 1971). Besides, THs regulate AChE activity and musca-
rinic receptors’ subtypes expression and ligand affinity, inducing the 
increase in AChE activity (Sarkar and Ray, 2001; Moskovkin et al., 1989) 
and muscarinic receptors expression after T3 treatment (Moskovkin 
et al., 1989), which corroborate our results. 

Finally, Cd treatment, both single (1 mg/kg) and continuous 
(0.1 mg/kg), produced an increase of AChE-S expression and a decrease 
of AChE-R expression, which was partially reversed after T3 co- 
treatment. Cd single and repeated treatment was reported to produce 
an increase in AChE-S expression and a decrease in AChE-R expression, 
through the reduction of M3R expression and M1R antagonization, in 
SN56 cells (Del Pino et al., 2016a; Moyano et al., 2018a; Moyano et al., 
2018b), which supports our results. Furthermore, T3 has been shown to 
induce AChE expression in mouse Neuro-2a cells (Lebel et al., 1994). 
These results suggest that Cd alters THs levels that lead to the dys-
functions of muscarinic receptor observed, which finally triggers the 
AChE variants expression alteration observed. 

ACh plays a role in cell survival through the cholinergic receptors’ 
activation (Resende and Adhikari, 2009), therefore, the reduction in its 
levels, as well as the M1R antagonization or the M2R, M3R and M4R 
downregulation could be the cause of the neuronal damage and the cell 
death observed. However, in previous in vitro studies on SN56 cholin-
ergic neurons from BF, it was observed that the decrease in ACh con-
centration induced by Cd mediated the cell death generated (Del Pino 
et al., 2014). On the contrary, MR1 antagonization, the reduction in 
M3R and AChE-R expression, and AChE-S overexpression mediated this 
effect among other mechanisms (Del Pino et al., 2016a; Moyano et al., 
2018a). Thus, given the results of those studies, it could be suggested 
that Cd-induced neurodegeneration in BF mediated, in part, by THs 
reduction, which could produce this effect through M1R antagonization, 
M3R and AChE-R downregulation, and AChE-S overexpression. 

The Joint FAO/WHO Expert Committee on Food Additives (JECFA) 
recognized in 2010 a provisional tolerable monthly intake (PTMI) of 

25 µg/kg/month (0.83 µg/kg/day) for Cd (Food and Agriculture 
Organization/World Health Organization FAO/WHO, 2010), which 
translates to 58.1 μg/day for a person who weighs 70 kg. Taking into 
account that we used rats weighing around 0.2–0.21 kg, the doses 
administered were 200–210 µg (single dose) or 20–21 µg (28 days) per 
day. Additionally, the human equivalent dose (HED), following Food 
and Drug Administration (FDA, 2005) guideline, for the doses used 
would be 32–34 µg (single dose) or 3.2–3.4 µg (28 days) per day. 
Therefore, without the HED translation, the dose used for long-term 
exposure is below the PTMI established, and with the HED translation, 
both doses are below the PTMI. Finally, it was reported that occupa-
tional exposure is usually between 2 and 4 times higher than the PMTDI 
(Baloch et al., 2020). Thus, the chosen doses are relevant for the human 
population exposure, and according to our results, the exposure to safe 
doses established may induce neurotoxic effects in the population, 
which is a cause of concern that should lead to a reassessment of Cd safe 
levels. 

Based on the above, we can conclude that Cd, after acute and 
continuous treatment, induces cholinergic transmission alteration and 
neurodegeneration that is more pronounced, but not selective, on BFCN, 
mediated, in part, by the reduction of THs. Cd also produced M1R 
antagonization, AChE variants, and muscarinic receptors 2–4 expression 
alteration, and AChE and ChAT activities reduction through THs 
disruption. These mechanisms dysfunction was shown to induce cogni-
tive alterations, through cholinergic neurotransmission impairment 
and/or loss of cortical and hippocampal cholinergic innervations, so 
they could be responsible for the learning deficits observed in Cd- 
mediated toxicity. It would be important to develop further studies 
that corroborated that THs mediate, through the indicated mechanisms, 
the neurodegeneration observed on cholinergic neurons. Besides, addi-
tional studies are required to determine the rest of the mechanisms that 
could contribute to neurodegeneration, all the processes that lead to 
triggering the mechanisms studied, as well as to corroborate in vivo that 
these mechanisms mediate the cognitive disorders observed after Cd 
exposure. Our results are of great interest because they provide new data 
and could lead to a better understanding of the mechanisms of the 
cadmium neurotoxicity on cholinergic transmission and neuro-
degeneration that could explain the mechanisms that lead to the 
cognitive disorders induced by Cd and may provide new therapeutic 
strategies for the treatment of its intoxication. 
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