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Abstract
Objectives: The aim of the study was to obtain quantitative data on the effect of inhalation exposure to benzalkonium chlo-
ride (BAC) on the concentration of catecholamines and their metabolites in selected brain structures. Additionally, concen-
tration of corticosterone (CORT) in plasma was estimated. Material and Methods: Wistar rats were subjected to a single 
(6-hour) or repeated (3 days, 6 h/day) exposure to BAC aerosol at ca. 30 mg/m3. The Waters integrated analytical system 
of HPLC was used to determine the plasma corticosterone. Qualitative and quantitative determinations of catecholamines 
and their metabolites: 3,4-dihydroxyphenylacetic (DOPAC) and homovanillic (HVA) acids were performed with the use 
of the Waters integrity HPLC. Results: The determinations have shown that in the BAC-exposed rats the plasma CORT 
concentration was several times higher than in the control rats. A significant increase of the concentration of dopamine 
(DA) (striatum and diencephalon) and noradrenaline (NA) (hippocampus and cerebellum) and a significant reduction of 
adrenaline (A) level (cortex, hippocampus, striatum and mesencephaloon) was found to occur in the brain of rats exposed 
to BAC compared to control. In the animals exposed to BAC, the concentration of DOPAC, a DA metabolite, was signifi-
cantly reduced, but the change occurred mainly in the striatum. This resulted in a significant decrease of the DOPAC/DA 
and HVA/DA metabolic ratio in this structure. Conclusion: It is assumed that the alterations in the concentration of cate-
cholamines and their metabolites in the BAC-exposed rats were related to the unexpectedly strong and persistent activation 
of the hypothalamo-pituitary-adrenocortical (HPA) axis evidenced by the high plasma CORT concentration.
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INTRODUCTION

Benzalkonium chloride (BAC) belongs to the group of 
quaternary ammonium compounds. The bactericidal prop-
erties of BAC have been utilised since 1935 in the produc-
tion of numerous drugs and cosmetic formulations. BAC 
has been also used as a disinfectant to clean rooms, glass 
vessels and surgical tools [1]. Various BAC-containing 
preparations may induce a number of adverse effects on 
the human body. Bearing in mind that BAC is widely used 
in different branches of the national economy, its toxic ef-
fect may cause health problems of significant importance 
to humans [2–6]. BAC has been included into human na-
sal spray formulations. Some reports suggest that BAC in 

nasal sprays may cause adverse effects, including reduced 
mucociliary transport, rhinitis medicamentosa and neu-
trophil dysfunction [3].
This work is an extension of our earlier work on rats un-
der inhalation exposure to BAC aerosol in which, after 6 h 
inhalation, we noted a  strong inflammatory and irritant 
activity on the lungs and stimulated dynamic patterns of 
interleukin 6 (IL-6) and immunoglobulin E (IgE) produc-
tion and protein infiltration from blood vessels to bron-
choalveolar lavage fluid (BALF) [7]. During those earlier 
tests, the animals were subjected to two strong stressors: 
head/nose immobilisation resulting from the selected 
method of exposure, and the irritant activity of the BAC 
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were investigated: the exposed animals as the study group 
and unexposed ones as the controls. During the testing, 
both groups were kept in exposure chambers but the con-
trol rats inhaled atmospheric air; other environmental 
conditions: temperature, humidity, and food and water in-
take were the same for the two groups. The chemical to be 
tested was injected into exposure chamber with a dynamic 
air flow to ensure  15  air changes per hour, so that the 
rat’s head/nose would be directly exposed to BAC as an 
aqueous aerosol. BAC concentration in the chamber was 
monitored by HPLC. Rats were exposed to BAC aerosol 
at the target concentration of 30 mg/m3 for 6 h or 3 days 
(6 h/day) [7].

Biological material collection 
The brain was collected from the exposed and control 
animals 18 h after termination of the last exposure. The 
sacrifice took place between  8  and 9  a.m. The brains 
were removed from skulls as quickly as possible, chilled 
in ice-cold sodium chloride (0.9%) for approximate-
ly 5 min and sectioned on ice into the following parts: 
hippocampus, striatum (n. caudatus and putamen), oc-
cipito-temporal cortex (with underlying white matter), 
diencephalon, mesencephalon and cerebellum. Corre-
sponding tissue samples from right and left hemisphere 
were pooled, weighed (with 0.001 g accuracy), supple-
mented with five parts of ice-cold water (HPLC) and ho-
mogenized for 30 s. Homogenate samples (450 μl) were 
supplemented with 50 μl of 4 M HClO4 and centrifuged. 
The supernatants were filtered and stored at –20°C until 
analysis. 
Blood samples were collected into Vacutainers containing 
an anticoagulant (K2EDTA, 10.8 mg). After centrifuging 
(10 min,  1780×g), the serum was transferred to Eppen-
dorf vessels and stored at –20°C until analysis. 

Catecholamine, serotonin, metabolite  
and corticosterone assay
The brain concentrations of noradrenaline (NA), adren-
aline (A), dopamine (DA),  3,4-dihydroxyphenylacetic 
acid (DOPAC) and homovanillic acid (HVA) were de-
termined by HPLC. DOPAC and HVA were assayed 

aerosol. Exposure to stressors results in a stress reaction. 
HPA axis activation, manifested by increased blood gluco-
corticoid level constitutes an essential element of that re-
action. Glucocorticoids are important in the maintenance 
of functional and structural integrity of the brain. There-
fore, increased blood glycocorticoid concentrations cause 
changes in the functional condition of the neurotrans-
mission systems, and of the catecholaminergic systems in 
particular [8–10]. Data assessing BAC effects on central 
nervous system of experimental animals in inhalation ex-
posure situations could not be located in the accessible 
literature. In this work we attempted a quantitative assess-
ment of BAC effect on selected catecholamines and their 
metabolites in the brain of rats after inhalation exposure 
to BAC aerosol. 

MATERIALS AND METHODS

Chemicals
Benzalkonium chloride (BAC) (CAS 8001–54–5) purity 
≥ 95% was purchased from Fluka Chemie AG.
Ethylenediaminetetraacetic acid (EDTA), 1-octanesulfo-
nic acid (Approx 98%), Trizma® base (minimum 99.9% 
titration), Trizma® hydrochloride, (±)-arterenol hydro-
chloride (NA), (–)-epinephrine (+)bitartrate salt (A), 
dopamine hydrochloride (DA), 3,4-dihydroxyphenylacetic 
acid (DOPAC),  4-hydroxy-3methoxy-phenylacetic acid 
(HVA), corticosterone, betamethasone and aluminium 
oxide (type WN-3 neutral) were purchased from SIGMA. 
Acetic acid (99–100%), perchloric acid (70–72%), phos-
phoric acid (85%), potassium phosphate (monobasic 
ultrapure), methanol, dichloromethane, diethyl ether 
and sodium chloride (ultrapure) were purchased from 
J.T.  BAKER.  3,4-dihydroxybenzylamine hydrobromide 
(98%) was purchased from ALDRICH. Activated char-
coal Norit was purchased from Fluka.

Animals and inhalation exposure
Female Wistar rats, aged 2 to 3 months, that were obtained 
from the breeding farm of the Nofer Institute of Occupa-
tional Medicine, Łódź, Poland, were used in the experi-
ment. At each stage of the study, groups of five animals 
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Blood plasma corticosterone concentrations in the groups 
of the exposed animals were significantly higher than in 
the control. Corticosterone increase in the groups of the 
exposed animals was related to the time of BAC exposure 
(pJ < 0.001). In the 6-h BAC-exposed animals, mean cor-
ticosterone concentration was three times higher, while 
in 3-day BAC-exposed ones it was over four times higher 
relative to control. 
Table 2 shows absolute values of concentrations of the 
studied compounds in the selected brain structures of the 
control animals. The respective results for the exposed 
groups are given in terms of control group per cent val-
ues. 
The statistical analysis revealed that the majority of the 
quantitative changes occurring in the studied structures 
of the exposed rat brains were changes of A. Significantly 
reduced concentration of A was recorded in four (cor-
tex, hippocampus, striatum, mesencephaloon) out of the 
six studied brain structures. The observed trend in the 
concentration of A was more pronounced with longer ex-
posure time, as reflected by the results of trend analysis 
(Table 2). Concentrations of DA and NA in BAC-exposed 
animals were significantly higher only in some of the brain 
structures (Table 2). In the two BAC-exposed groups, in-
creased DA concentration was detected in mesencepha-
lon only. NA concentration was significantly higher in 
hippocampus and cerebellum of the 3-day BAC-exposed 
rats. The statistical analysis of the concentrations of two 
dopamine metabolites showed significantly lower DOPAC 

directly in the supernatant. Prior to chromatographic 
analysis, NA, A and DA were purified by absorption on 
aluminium oxide [11].
The content of corticosterone in plasma was estimated by 
high performance liquid chromatography (HPLC) using 
betamethasone as an internal standard [12].

Statistical analysis
Differences were assessed using the Kruskall-Wallis test 
in Dunn’s modification [13]. The trend analysis was per-
formed with the use of Jonckheere’s test [14]. Differences 
were regarded as significant when the probability of the 
null hypothesis was < 0.05.

RESULTS

All animals exposed to BAC aerosol at ca. 30 mg/m3 sur-
vived the inhalation exposure. Table  1 shows true BAC 
aerosol concentration in exposure chamber atmosphere, 
mean weight of animal bodies and brains, and corticos-
terone levels in blood plasma of control and BAC aero-
sol-exposed rats. Values for the control group given in Ta-
bles 1, 2 and 3 represent combined results obtained for the 
control groups in the 6-h and 3-day inhalation exposure 
experiments; the combination has been feasible because 
there were no statistically significant differences in the re-
spective 6-h and 3-day results.
The statistical analysis did not show differences in body 
or brain weight between the exposed and control rats. 

Table 1. Air concentration of BAC aerosol (mean ±SD) in inhalation chambers and brain weight (means ±SD), body weight and levels 
of corticosterone in the plasma of experimental rats 

Treatment
(n = animals per 

treatment)

BAC aerosol 
concentration in 

inhaled air
(mg/m3)

Body weight
(g)

Brain weight
(g)

Relative brain weight
(g/100 g b.w.)

Corticosterone 
concentrations  
in the plasma

(ng/ml)
Control (n = 10) 0 189.5±6.4 1.75±0.08 0.92±0.06 194.9±76.7

BAC 6 h (n = 5) 28.0±6.0 176.0±5.5 1.75±0.09 0.99±0.05 564.4±195.9*

BAC 3 days,  
6 h/day (n = 5)

30.5±4.2 180.0±10.0 1.62±0.08 0.90±0.07 874.2±396.3**

Results expressed as mean ±SD. 
*, ** Significantly different from control at p ≤ 0.05 and p ≤ 0.01, respectively.
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mesencephalon and lower concentration of the metabo-
lite in the cerebellum. 
Table  3 shows DOPAC/DA and HVA/DA ratios. The 
DOPAC/DA ratio was significantly lower in striatum 

concentration in the hippocampus of the  3-day BAC-
exposed rats and in the striatum of both BAC-exposed 
groups. Our analysis of HVA concentration in the BAC-
exposed animals showed elevated concentration in 

Table 2. Brain contents of dopamine (DA), noradrenaline (NA), adrenaline (A), 3,4-dihydroxyphenylacetic acid (DOPAC)  
and homovanillic acid (HVA) in rats exposed for 6 h or 3 days (6 h/day) to 30 mg BAC/m3

Chemical Brain region
Exposure group

Jonckheere’s trend test
(≥ pJ )

Control
(nmol/g)

BAC 6 h
(% Control)

BAC 3 days
(% Control)

DA Cortex 0.37 (0.22) 100.3 (47.9) 143.6 (66.7) ns
Hippocampus 0.77 (0.62) 83.3 (26.8) 104.4 (40.2) ns
Striatum 11.30 (4.94) 177.1 (67.9) 195.2 (118.4) 0.02
Diencephalon 0.91 (0.30) 247.6 (145.0)* 164.6 (33.2)* 0.01
Mesencephalon 0.60 (0.38) 127.2 (47.7) 118.2 (17.1) ns
Cerebellum 0.29 (0.08) 145.5 (40.9) 129.6 (56.2) ns

NA Cortex 6.83 (4.05) 66.4 (28.4) 99.0 (52.1) ns
Hippocampus 6.04 (3.88) 84.9 (24.9) 226.5 (127.6)* 0.05
Striatum 7.93 (4.16) 61.6 (20.8) 135.6 (79.4) ns
Diencephalon 11.88 (3.65) 103.7 (33.3) 96.3 (18.8) ns
Mesencephalon 7.46 (1.69) 91.1 (17.8) 127.1 (50.3) ns
Cerebellum 3.00 (1.45) 175.5 (44.2) 493.8 (312.9)** 0.01

A Cortex 0.63 (0.25) 81.5 (36.4) 62.6 (18.6)* 0.05
Hippocampus 0.49 (0.27) 72.4 (21.6) 45.0 (10.9)** 0.01
Striatum 0.71 (0.23) 86.6 (39.9) 45.9 (22.8)** 0.02
Diencephalon 0.40 (0.19) 104.4 (18.2) 65.5 (18.9) ns
Mesencephalon 0.47 (0.17) 49.5 (9.9)** 46.7 (19.9)** 0.001
Cerebellum 0.38 (0.05) 73.3 (18.6) 139.9 (69.6) ns

DOPAC Cortex 4.50 (2.78) 52.3 (12.3) 105.4 (43.9) ns
Hippocampus 6.80 (2.88) 71.8 (12.1) 54.1 (23.4)* ns
Striatum 128.49 (39.00) 58.4 (15.6)* 53.1 (30.1)** 0.001
Diencephalon 11.13 (5.66) 122.6 (48.7) 74.9 (22.0) ns
Mesencephalon 4.14 (0.95) 123.9 (51.6) 95.6 (22.8) ns
Cerebellum 1.22 (0.29) 100.2 (28.4) 89.4 (15.7) ns

HVA Cortex 1.80 (0.87) 66.9 (16.1) 116.4 (57.5) ns
Hippocampus 1.36 (0.74) 82.2 (25.5) 62.9 (25.5) ns
Striatum 24.35 (6.61) 85.5 (23.9) 101.8 (55.2) ns
Diencephalon 1.96 (0.44) 135.0 (56.4) 140.4 (31.7)* 0.02
Mesencephalon 1.17 (0.43) 102.2 (21.3) 102.5 (34.8) ns
Cerebellum 0.33 (0.11) 84.7 (23.6) 69.4 (20.7) 0.05

Results expressed as mean ±SD. 
*, ** Significantly different from control at p ≤ 0.05 and p ≤ 0.01, respectively. 
ns — not significant.
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It is also recognised that HPA axis activation triggers func-
tional state changes in the neurotransmission systems, and 
the catecholaminergic systems in particular, in the central 
nervous system [10,17,18]. Strong stress causes a  reduc-
tion in adrenaline concentration and affects dopamine 
(DA) metabolism in different brain regions, leading to the 
formation of one of its principal acidic metabolites, dihy-
droxyphenylacetic acid (DOPAC) [19,20]. On the other 
hand, elevated glucocorticoid concentration in the adrenal 
medulla enhances the induction of enzymes that control 
the synthesis of A from NA [21].
Table 4 shows changes in the concentrations of DA, 
NA,  A,  DOPAC, HVA, and DOPAC/DA and HVA/
DA ratios that occur in different brain structures of 6-h 
or 3-day BAC-exposed rats compared to control. 
In the analysed brain structures of BAC-exposed animals, 
DA and NA concentrations grew in a different way in dif-
ferent areas of rat brain compared to controls. Adrena-
line concentrations, on the other hand, decreased. Grow-
ing DA and/or NA concentrations in the brain of animals 
subjected to stress is a reaction which has been observed 
by many authors [9,10,22]. In stressed animals, like in 
our study, a significant reduction of the DOPAC/DA and 

and mesencephalon of both BAC-exposed groups rela-
tive to control. Lower HVA/DA ratios were noted in the 
same brain structures and in the cerebellum of exposed 
animals. 

DISCUSSION AND CONCLUSIONS

High blood corticosterone concentrations were noted in 
the BAC-exposed animals (Table 1). This is indicative of 
a  strong, prolonged (18  h since exposure termination) 
activation of the hypothalamo-pituitary-adrenocortical 
(HPA) axis in BAC-exposed animals. It is generally rec-
ognised that  HPA axis activation may cause a  number 
of not necessarily advantageous changes in the animal 
and human nervous systems [15]. It has been proven 
that corticosterone elevation induces dendritic atrophy 
in hippocampal neurons, which is paralleled by cognitive 
deficits in spatial learning and memory [16]. It is likely 
that inhalation exposure to BAC may produce adverse 
effects within the nervous system of the animals exposed 
to high  BAC aerosol concentrations, attributable to 
the observed high blood corticosterone concentrations 
of BAC-exposed animals. 

Table 3. DOPAC/DA and HVA/DA ratios in brain regions of control rats and rats exposed for 6 h or 3 days (6 h/day) to 30 mg BAC/m3 

Ratio Brain region
Exposure group Jonckheere’s trend  

test
(≥ pJ)Control BAC 6 h BAC 3 days

DOPC/DA Cortex 13.98 (7.86) 8.01 (5.00) 9.67 (3.49) ns
Hippocampus 19.92 (18.38) 8.49 (3.98) 4.88 (1.64) ns
Striatum 14.33 (8.45) 4.53 (1.59)* 3.76 (2.28)** 0.001
Diencephalon 13.77 (8.48) 6.72 (1.59)* 5.61 (1.42)** 0.01
Mesencephalon 10.39 (7.03) 7.59 (4.07) 5.55 (0.78) ns
Cerebellum 4.52 (1.96) 2.95 (0.63) 3.29 (1.34) ns

HVA/DA Cortex 5.60 (2.43) 3.92 (2.27) 4.04 (0.92) ns
Hippocampus 4.30 (4.31) 1.90 (0.96) 1.19 (0.55) ns
Striatum 2.64 (1.72) 1.01 (0.32)** 1.13 (0.43)* 0.01
Diencephalon 2.39 (0.98) 1.29 (0.35)** 1.85 (0.32) ns
Mesencephalon 3.23 (2.71) 1.74 (0.67) 1.66 (0.48) ns
Cerebellum 1.17 (0.38) 0.71 (0.27)* 0.64 (0.12)** 0.001

Results expressed as mean ±SD. 
*, ** Significantly different from control at p ≤ 0.05 and p ≤ 0.01, respectively. 
ns — not significant.
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