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Abstract 

Modulation of dopamine transmission evokes strong behavioral effects that can be 

achieved by psychoactive drugs such as haloperidol or cocaine. Cocaine non-specifically 

increases dopamine transmission by blocking dopamine active transporter (DAT) and evokes 

behavioral arousal, while haloperidol is a non-specific dopamine D2 receptor antagonist with 

sedative effects. Interestingly, dopamine has been found to affect immune cells in addition 

to its action in the central nervous system. Here we address the possible interactions 

between haloperidol and cocaine and their effects on both immune cells and behavior 

in freely moving rats. We use an intravenous model of haloperidol and binge cocaine 

administration to evaluate the drugs’ impact on the distribution of lymphocyte subsets in 

both the peripheral blood and the spleen. We assess the drugs’ behavioral effects by 

measuring locomotor activity. Cocaine evoked a pronounced locomotor response and 

stereotypic behaviors, both of which were completely blocked after pretreatment with 

haloperidol. The results suggest that blood lymphopenia which was induced by haloperidol 

and cocaine (except for NKT cells), is independent of dopaminergic activity and most likely 

results from the massive secretion of corticosterone. Haloperidol pretreatment prevented 

the cocaine-induced decrease in NKT cell numbers. On the other hand, the increased 

systemic dopaminergic activity after cocaine administration is a significant factor in retaining 

T CD4+ and B lymphocytes in the spleen. 
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1.  Introduction 

Haloperidol is a potent neuroleptic drug frequently used to treat psychotic episodes 

in humans [1,2]. It is a non-specific D2 dopamine (DA) receptor antagonist that induces 

strong behavioral effects, including reduced psychomotor activity and catalepsy [3–5]. 

Haloperidol can affect neurocognitive performance [6,7] and the immune system [1,8–11]. 

In the brain itself, however, the effect of haloperidol on local immunocompetent cells is still 

a matter of debate [12–14]. 

Cocaine suppresses the immune system via both central and peripheral mechanisms 

[15–18]. The hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous system are 

the primary pathways through which cocaine modulates the immune system [17,19,20]. 

However, in addition to neuroendocrine and sympathetic activation, cocaine may affect 

lymphocytes by increasing DA signaling at both central and peripheral sites. At the central 

site, cocaine can affect the immune system via alterations in DA transmission in specific 

brain regions [21]. 

At the periphery, both cocaine and haloperidol can directly modulate DA signaling 

between lymphocytes in peripheral blood, or in lymphatic organs and thereby change their 

activity, selective adhesion, migration, and homing [22,23]. DA receptor gene 

polymorphisms have been found to alter the count of circulating T lymphocytes [24]. 

Increased D3 DA receptor mRNA levels in circulating T lymphocytes were proposed as a 

potential diagnostic biomarker of psychotic disorders [25]. Human and rat lymphocytes 

express tyrosine hydroxylase as well as D1- and D2-like DA receptors [25–28]. The dopamine 

active transporter (DAT) and vesicular monoamine transporters (VMAT) have been found in 

human and rat lymphocytes [29,30]. Rat lymphoid tissues, such as the spleen and thymus, 

express DA, D1- and D2-like DA receptors, DAT, and VMAT [30–33]. Considering this 

accumulating evidence, we hypothesized that DA signaling affected by haloperidol and 

cocaine may partially mediate the effects of those drugs on the distribution of lymphocyte 

subsets in the peripheral blood and spleen. 
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We tested our hypothesis in freely moving rats using intravenous haloperidol and 

binge cocaine administration [34]. We measured locomotor activity during and after cocaine 

infusions to assess the behavioral effects of the drugs. Under these conditions, 

we determined the effects of haloperidol and cocaine on the numbers and proportions of 

T CD3+, T CD4+, T CD8+, B CD45RA+, Natural Killer (NK) CD161a+, and NKT CD3+CD161a+ cells 

in the peripheral blood and spleen. Additionally, we measured plasma corticosterone 

concentration to evaluate the HPA axis activation. Serum concentrations of IL-4 and IFN-γ 

were chosen as in vivo markers of anti- and pro-inflammatory cytokine profiles, respectively. 

Finally, we measured serum concentrations of cocaine and its metabolites (namely, 

benzoylecgonine and ecgonine methyl ester) to determine whether the binge cocaine 

administration resulted in the accumulation of cocaine or of its metabolites in the blood. 

2.  Results 

2.1.  Locomotor activity 

Cocaine infusions significantly increased locomotor activity (including stereotyped 

movements) during the 90-minute session (F (1,28) = 75.1, p < 0.0001). This effect was 

completely blocked by pretreatment with haloperidol (Figure 1A-C, cocaine × haloperidol 

interaction: F (1,28) = 72.4, p < 0.0001; t (1,14) = 8.72, p < 0.0001). The separate 

measurements for each 30-minute interval between cocaine or saline infusions revealed that 

haloperidol alone significantly reduced locomotor activity (compared to vehicle-treated 

rats), but only during the first 30 minutes (haloperidol: t (1,14) = 3.2, p < 0.05, data not 

shown). 

2.2.  Plasma corticosterone 

Administration of cocaine and haloperidol significantly increased plasma corticosterone 

concentrations (Figure 1D, cocaine: F (1,28) = 30.9, p < 0.0001, t (1,14) = 6.4, p < 0.001; 

haloperidol: F (1,28) = 25.2, p < 0.0001, t (1,14) = 7.1, p < 0.0001; cocaine × haloperidol 

interaction: F (1,28) = 12.8, p < 0.01, haloperidol + cocaine: t (1,14) = 10.7, p < 0.0001). 

2.3.  Lymphocytes in peripheral blood 

Intravenous cocaine or haloperidol alone significantly reduced total leukocyte numbers in 

peripheral blood (cocaine: F (1,28) = 18.1, p < 0.001, t (1,14) = 3.8, p < 0.05; haloperidol: 

F (1,28) = 20.8, p < 0.0001, t (1,14) = 4.3, p < 0.01). Likewise, cocaine administered after 

haloperidol significantly reduced leukocyte numbers (interaction cocaine × haloperidol: 

F (1,28) = 5.5, p < 0.05, t (1,14) = 5.5, p < 0.001). The decrease in leukocyte numbers induced 

by cocaine alone resulted mainly from the reduction in lymphocyte numbers (F (1,28) = 33.2, 

p < 0.0001, t = 6.1, p < 0.001), while the neutrophil numbers were not affected (Figure 1E). 

Cocaine administered following pretreatment with haloperidol decreased lymphocyte 

numbers to a similar degree as for cocaine alone  (interaction cocaine × haloperidol: F (1,28) 

= 18.7, p < 0.001), but not selectively because haloperidol also decreased neutrophil 

numbers (haloperidol: F (1,28) = 6.8, p < 0.05). Lymphocyte depletion after cocaine and/or  
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Figure 1. (A) Drug administration schedule with blood and spleen sampling times. (B) Experimental 
setup for multiple intravenous infusions and blood sampling in freely moving rats. (C-F) Effects of 
haloperidol (HAL) and cocaine i.v. infusions on (C) locomotor activity, (D) plasma corticosterone 
concentration, (E-F) leukocyte, lymphocyte, neutrophil, and lymphocyte subsets (E) cell numbers and 
(F) percentages and CD4/CD8 ratio in peripheral blood. HAL (1 mg/kg) or vehicle (VEH; 1 ml/kg) were 
administered 10 minutes before the first infusion of either cocaine (3 × 5 mg/kg, at 30-minute 
intervals) or saline (3 × 1 ml/kg, at 30-minute intervals). Each group represents the mean ± SEM of 8 
animals. Significant differences compared to the saline-vehicle treated control rats are indicated as 
follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and compared to rats treated with 
haloperidol alone, where †p<0.05, ††p<0.01. 
 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.28.470229doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.28.470229
http://creativecommons.org/licenses/by-nd/4.0/


 5 

haloperidol treatment was similar and involved mainly T CD3+, T CD4+, T CD8+, and 

B (CD45RA+) lymphocytes (Figure 1E, interactions cocaine × haloperidol for the listed 

lymphocyte subsets: F (1,28) = 14.4, p < 0.001; 12.6, p < 0.01; 14.0, p < 0.001; and 23.0, 

p < 0.0001, respectively). NKT (CD3+CD161a+) cell numbers were significantly reduced by 

cocaine alone (cocaine: t (1,14) = 3.2, p < 0.05), and that effect was prevented by 

pretreatment with haloperidol (interaction cocaine × haloperidol: F (1,28) = 4.8, p < 0.05). 

NK (CD161a+) cell numbers were not significantly decreased following administration of 

cocaine and haloperidol (Figure 1E). 

Cocaine treatment alone decreased the percentage of circulating lymphocytes 

compared to vehicle-treated control rats, and this effect was blocked by haloperidol 

(interaction cocaine × haloperidol: F (1,28) = 9.4, p < 0.01). The percentage of neutrophils 

was not significantly increased after treatment with cocaine alone (Figure 1F). Cocaine alone 

and cocaine after pretreatment with haloperidol significantly increased the percentage of 

T CD3+ lymphocytes (cocaine: F (1,28) = 18.3, p < 0.001; haloperidol: F (1,28) = 5.4, p < 0.05), 

and the effects of cocaine were not modified by haloperidol (F (1,28) = 0.07, p = 0.79). 

An increase in the proportion of T CD3+ cells after cocaine administration was induced by the 

significant increase in the percentage of T CD4+ lymphocytes (cocaine: F (1,28) = 16.7, 

p < 0.001), while the proportion of T CD8+ lymphocytes remained unchanged significantly 

(Figure 1F). Haloperidol and/or cocaine significantly reduced the percentages of B 

lymphocytes compared to control animals (cocaine: F (1,28) = 27.6, p < 0.0001; haloperidol: 

F (1,28) = 16.4, p < 0.001), and the effects of cocaine were not modified by haloperidol 

(interaction cocaine × haloperidol: F (1,28) = 3.8, p = 0.06). The percentage of NKT cells was 

decreased by cocaine (t (1,14) = 4.1, p < 0.01), and the effect blocked by haloperidol 

(Figure 1F, interaction cocaine × haloperidol not significant due to considerable variation: 

F (1,28) = 1.7, p = 0.19). The CD4/CD8 ratio was not significantly increased after cocaine 

alone. 

2.4.  Lymphocytes in the spleen 

Cocaine alone and cocaine infused after blocking D2-like DA receptors with haloperidol had 

opposite effects on the numbers of splenocytes: cocaine alone (non-significantly) increased 

the numbers of splenocytes compared to control rats while cocaine infused after haloperidol 

(non-significantly) decreased the numbers of splenocytes. Consequently, the numbers of 

splenocytes in rats receiving infusions of cocaine following the pretreatment with 

haloperidol were significantly lower than in rats treated with cocaine alone (Figure 2, 

haloperidol: F (1,28) = 4.8, p < 0.05; interaction cocaine × haloperidol: F (1,28) = 6.2, p < 0.05; 

t (1,14) = 3.1, p < 0.05). The splenocyte numbers were affected mainly by changes in the 

numbers of lymphocytes (haloperidol: F (1,28) = 6.0, p < 0.05, cocaine × haloperidol 

interaction: F (1,28) = 8.1, p < 0.01; t (1,14) = 3.5, p < 0.05), while neutrophil numbers 

remained unchanged. The lymphocyte numbers were affected mainly by alterations in 

T CD3+, T CD4+ and B lymphocyte numbers (cocaine × haloperidol interactions: F (1,28) = 4.3, 

p < 0.05; F (1,28) = 7.3, p < 0.05; F (1,28) = 7.0, p < 0.05, respectively). As a result, the 
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numbers of T CD3+CD4+ and B CD45RA+ lymphocytes were significantly lower in rats 

receiving cocaine after pretreatment with haloperidol than in rats treated with cocaine alone 

(t (1,14) = 3.3, p < 0.05; t (1,14) = 3.6, p < 0.05, respectively). The T CD8+, NK, and NKT cell 

numbers were non-significantly changed by the treatments (Figure 2). 

Proportions between T CD3+, T CD4+, T CD8+, and B lymphocytes in the rat spleen 

remained unchanged following all treatments (data not shown). The percentages of NK and 

NKT cells were decreased by cocaine. For NKT cells the effects were reversed by haloperidol 

(cocaine × haloperidol interaction: F (1,28) = 6.8, p < 0.05). 

 

Figure 2. Effects of haloperidol (HAL) and cocaine intravenous administration on splenocyte, 
lymphocyte, neutrophil, and lymphocyte subsets numbers in the spleen of rats. Haloperidol (HAL; 
1 mg/kg) or vehicle (VEH; 1 ml/kg) were administered 10 minutes before the first infusion of either 
cocaine (3 × 5 mg/kg, at 30-minute intervals) or saline (3 × 1 ml/kg, at 30-minute intervals). 
Each group represents the mean ± SEM of 8 animals and significant differences are indicated with, 
*p<0.05 and †p<0.053. 

2.5  Serum IL-4 and IFN-γ concentrations 

Serum concentrations of IL-4 and IFN-γ were non-significantly decreased after haloperidol 

and/or cocaine infusions (Figure 3). 

 

2.6.  Serum cocaine, benzoylecgonine (BE) and ecgonine methyl ester (EME) concentrations 

Average serum cocaine concentration in rats treated with cocaine alone was 3.55 ± 0.48 

µg/ml (mean ± SEM; n=8). In rats treated with haloperidol and cocaine, it was non-

significantly higher, 6.34 ± 2.35 µg/ml (mean ± SEM; n=5).  EME was detected in five of the 

eight rats treated with cocaine alone (0.96 ± 0.3 µg/ml) and in one of the five rats treated 

with haloperidol and cocaine.  BE was not detected in rats treated with cocaine alone nor in 

rats treated with haloperidol and cocaine. 

Figure 3. Serum concentrations of IL-4 and IFN-γ. 
Haloperidol (HAL; 1 mg/kg, i.v.) or vehicle (VEH; 
1 ml/kg, i.v.) were administered 10 minutes before 
the first infusion of either cocaine (3 × 5 mg/kg, at 
30-minute intervals) or saline (3 × 1 ml/kg, at 30-
minute intervals). 
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3.  Discussion 

At the behavioral level, cocaine evoked pronounced locomotor responses and 

stereotypic behaviors, which had been completely blocked after pretreatment with 

haloperidol. In the peripheral blood, haloperidol and cocaine had similar effects on immune 

cell numbers. Both drugs, whether administered separately or together, increased plasma 

corticosterone and evoked lymphopenia. The exception was that haloperidol prevented the 

cocaine-induced decrease in the numbers of NKT cells. Cocaine treatment altered the ratio 

of lymphocytes by increasing the percentage of T CD4+ cells while decreasing the percentage 

of B cells. Pretreatment with haloperidol did not change this effect. In the spleen, the 

infusion of cocaine after haloperidol significantly reduced the numbers of T CD4+ and B 

lymphocytes compared to rats treated with cocaine alone. This observation suggests a 

significant role for the D2-like DA receptors in retaining T CD4+ and B lymphocytes in the 

spleen after intravenous infusions of cocaine. 

Cocaine activates the HPA axis [35], one of the major pathways through which 

cocaine modulates the immune system [19,20]. Haloperidol has bidirectional effects on the 

HPA axis, depending on the dose and route of administration: there is a tendency to increase 

the release of “stress hormones” at higher doses and routes, which provides a more rapid 

delivery of the drug to the brain [36,37]. HPA axis activation is commonly associated with 

lymphopenia and immunosuppression [38,39]. In our study, intravenous infusions of 

haloperidol and cocaine resulted in an increased concentration of plasma corticosterone, 

accompanied by pronounced lymphopenia. Similar effects were observed in rats receiving a 

high dose of exogenous corticosterone [40]. Surprisingly, in our study, haloperidol prevented 

the decrease in numbers of NKT cells caused by cocaine infusions. This result suggests that 

blocking D2-like DA receptors allows NKT cells to escape cocaine-induced lymphopenia. 

Peripheral DA was found to suppress the function of invariant NKT cells in the liver, however, 

through the pathway of the D1-like DA receptor-Protein Kinase A (PKA) [41]. 

One relevant result is that pronounced lymphopenia is coupled with an increased 

release of corticosterone as induced by haloperidol. The immunosuppressive effects of 

haloperidol have been reported, though they were missing important information regarding 

HPA axis activity [1,8,9]. Moreover, in 2007, the Food and Drug Administration (FDA) 

strengthened label warnings for intravenous haloperidol regarding its cardiac side effects. 

[42]. Our results support the emerging data that intravenous haloperidol in high doses is 

associated with the risk of side effects, including immunosuppression. 

As observed in this study, cocaine-induced lymphopenia is associated with the 

increase in the proportion of T CD4+ cells. This effect was not mediated through DA 

receptors. In our previous experiments we found that the proportion of T CD4+ cells was 

increased on the 1st, 7th, and 14th day of binge intravenous administration of cocaine despite 

the attenuation of HPA axis activation on the 7th and 14th day of treatment [34]. It is not 

clear which of the cocaine action mechanisms are responsible for this effect. This increase in 

the proportion of T CD4+ cells becomes more remarkable since there is evidence that 
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alterations in the balance and function of T CD4+ cells may change the course of human 

immunodeficiency virus infections in cocaine users [43,44]. 

Reduced numbers of all tested lymphocyte subsets in peripheral blood may result 

from migration to peripheral lymphoid tissues or from cell death. Lymphocytes constantly 

migrate between peripheral blood and lymphatic tissues, and environmental cues can 

modulate this process [45,46]. In rats, in physiological conditions, mature lymphocytes 

migrate predominantly to the spleen or lymph nodes [47,48]. However, when environmental 

conditions are in flux (for example, when a rat is being exposed to social defeat stress), 

lymphocytes may change direction and travel to the bone marrow [49]. In our study, cocaine 

infusions induced lymphopenia in peripheral blood but at the same time showed a tendency 

to increase the numbers of B and T CD4+ lymphocytes in the spleen. This effect was reversed 

after pretreatment with haloperidol. When rats received haloperidol and subsequent 

cocaine infusions, we observed lymphopenia in both the peripheral blood and the spleen. 

Our results suggest that a DA signaling increase after cocaine treatment may be one of the 

mechanisms by which lymphocytes are retained in the spleen. 

On the other hand, glucocorticoids that are increased by both cocaine and 

haloperidol (in addition to their effects on immune cells migration), also are known to induce 

lymphocyte apoptosis [50–52]. Cocaine has been shown to induce apoptosis of mice 

thymocytes in vitro [53] but the effects of both cocaine and haloperidol on apoptosis of 

blood or splenic lymphocytes in vivo are currently unknown [54]. 

Serum concentrations of IL-4 and IFN-γ both decreased after cocaine and haloperidol 

treatment; however, due to considerable inter-individual variability, we did not find the 

effects to be statistically significant. Results suggest that, for some individuals, haloperidol 

and cocaine may suppress IL-4 and IFN-γ signaling [18,55]. Moreover, the concentrations of 

IL-4 and IFN-γ that we detected in our study were comparable to that of control groups in 

other reports [56,57], suggesting that manipulations of chronically implanted catheters per 

se did not induce pronounced inflammation. 

 In conclusion, our results suggest that the binge pattern of administration of cocaine 

increases the proportion of T CD4+ lymphocytes in peripheral blood despite lymphopenia 

and elevated corticosterone. Blocking D2-like DA receptors allows NKT cells to escape the 

cocaine-induced lymphopenic effect. The DA signaling, which is elevated after cocaine 

administration, is involved in the retention of B and T CD4+ lymphocytes in the spleen. 

Finally, our results support the notion that intravenous haloperidol is associated with the risk 

of side effects, including immunosuppression. 

4.  Materials and methods 

4.1.  Animals 

Thirty-two adult male Wistar rats (R. Grabowski Licensed Laboratory Animals 

Breeding, Gdansk, Poland) weighing 260-310 g were used. Upon arrival, animals were 

housed individually and handled by the experimenter daily for two weeks before 

experiments. Rats were kept in a temperature and humidity-controlled animal facility and 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.28.470229doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.28.470229
http://creativecommons.org/licenses/by-nd/4.0/


 9 

maintained on a 12-h light/dark cycle (lights on from 06:00 to 18:00 h). They had free access 

to water and standard rodent food pellets except for behavioral sessions, including 

haloperidol and cocaine infusions. Animals were divided randomly into four groups of eight 

rats each. All procedures were approved by the Local Ethical Committee for the Care and 

Use of Laboratory Animals at the Medical University of Gdansk, Poland (No 34/2008). 

4.2.  Jugular vein cannulation and recovery after surgery 

Rats were anesthetized with pentobarbital (60 mg/kg i.p., Vetbutal, Biowet Pulawy, 

Poland) and implanted with chronic Silastic catheters (i.d. 0.51 mm × o.d. 0.94 mm, Standard 

Silicone Tubing, HelixMark, Carpinteria, CA, USA) into the right jugular vein [34]. To prevent 

postoperative pain, rats received during the surgery subcutaneous injection of Carprofen 

50 mg/ml (5% W/V) in a dose of about 12 mg/kg (Acticarp, Biowet Pulawy, Poland). 

Rats recovered after the implantation for at least 21 days before experimentation. During 

the first four days after the surgery, every 12 hours, each rat received 9.5 mg of ampicillin 

(Ampicillin 500 mg, Polfa Tarchomin S.A., Poland) dissolved in 0.3 ml of 0.9% sterile saline 

(Polpharma S.A., Poland) to prevent possible infections. The catheters were then flushed, 

every 12 hours, with a sterile 80 IU/ml solution of heparin in the volume of 0.3 ml 

(Heparinum natricum 5000 IU/ml inj., Warsaw Pharmaceutical Works Polfa, Poland) and 

then filled with 0.3 ml sterile 8000 IU/ml solution of streptase (Streptase 1 500 000 IU, ZLB 

Behring GmbH, Marburg, Germany). Beginning on the 7th day after the surgery, catheters 

were flushed every 24 hours only with 0.4 ml of 0.9% sterile saline. All solutions used during 

the experiment were prepared in a laminar flow unit using sterilized plastic test tubes. All 

equipment used for infusions was sterile or disinfected in 70% ethanol for at least 12 hours 

before use. 

4.3.  Drugs and treatment 

Haloperidol (Haloperidol 5 mg/ml, Warsaw Pharmaceutical Works Polfa, Poland) was 

diluted with sterile water for injections (Polpharma S.A., Poland) to obtain the concentration 

of 1 mg/ml. Haloperidol (1 mg/kg) or water for injections (1 ml/kg) were infused 

intravenously in freely moving rats 10 minutes before the first cocaine or saline infusion. The 

drugs were administered through a chronic jugular vein catheter connected with the PE tube 

which free end was outside the plexiglass chamber (Figure 1A and 1B). Immediately after 

pretreatment with haloperidol, the catheter was flushed with 0.3 ml of sterile water for 

injections. The dose of haloperidol was selected based on the potent inhibition of cocaine-

induced locomotion in the preliminary dose-response test (Figure S1). 

Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% 

sterile saline (5 mg/ml). Sterile saline was used for control infusions. Each rat received three 

intravenous infusions of cocaine (3 × 5 mg/kg) or saline (3 × 1 ml/kg) at 30-minute intervals 

(Figure 1A). After the third infusion of cocaine, the catheter was flushed with 0.3 ml of sterile 

saline. 

Haloperidol and cocaine were prepared immediately before use, and all solutions 

were administered in a volume of 1 ml/kg. Each haloperidol, cocaine, or control infusion 
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lasted 30 seconds. All equipment used for infusions was sterile or disinfected in 70% ethanol 

for at least 12 hours before use. 

4.4.  Behavior 

All infusions were made in freely moving rats placed in plexiglass chambers 

(43 × 43 × 20 cm) for measuring locomotor activity [34] (Figure 1B, Columbus Instruments, 

Opto-Varimex Minor, Columbus, OH, USA). For four consecutive days preceding haloperidol 

and cocaine administration, rats were placed in the chambers for 100-minute long sessions 

to habituate them to the new environment and to establish baseline locomotor activity 

assessed by the number of breaks in the horizontal infrared beams (data not shown). On the 

next day following the habituation period, rats were placed in the chambers and subjected 

to haloperidol and subsequent cocaine infusions. During the habituation sessions and on the 

experimental day, each rat was placed in the same chamber at the same time (between 

8:00 and 14:00 h). Between experimental sessions, chambers were carefully cleaned with 

70% ethanol. 

4.5.  Blood and spleen sampling 

Blood samples were collected through a catheter 30 minutes after the third cocaine 

infusion. First, blood samples (0.5 ml) for determination of leukocyte numbers, 

cytofluorographic analysis, blood smears, and plasma were drawn using a sterilized 

polyethylene tube connected to a syringe containing 20 μl of 10% EDTA. Subsequently, 

additional blood samples (5 ml) for serum preparation were drawn into a syringe without 

anticoagulants. Immediately after the blood sampling, each rat was infused with a lethal 

dose of pentobarbital (160 mg in 1 ml, i.v., Morbital, Biowet Pulawy, Poland) administered 

through the catheter. Heartbeat and breath stopped within 2 - 5 s from the beginning of the 

infusion. Spleens were immediately harvested and placed in glass test tubes containing 5 ml 

of Hanks’ Balanced Salt Solution (HBSS, Sigma-Aldrich, St. Louis, MO, USA) with sodium 

bicarbonate (Merck, USA). 

4.6.  Preparation of spleen cells 

Spleen suspended in 5 ml of HBSS was gently homogenized in a glass homogenizer. 

The obtained suspension was gently mixed and filtered through a nylon filter to separate 

splenocytes from the reticular connective tissue. Immediately after homogenization, the 

suspension of splenocytes was refrigerated (2 - 8°C) and analyzed within one hour. 

4.7.  Leukocytes and leukocyte subpopulations 

Peripheral blood (10 μl) was diluted 20-fold with Türk solution and suspension of 

splenocytes in HBSS (10 μl) was diluted 60-fold and leukocytes were counted twice in a 

Neubauer hemocytometer. Leukocyte subpopulations were assessed by microscopic 

examination of peripheral blood and splenocyte suspension smears stained in a centrifuge 

(Aerospray Slide Stainer, 7120 Wescor, USA) by the May-Grünwald and Giemsa methods. 

Two smears of each sample were prepared. Percentages of leukocyte subpopulations were 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.28.470229doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.28.470229
http://creativecommons.org/licenses/by-nd/4.0/


 11 

assessed on 200 or 400 cells per blood or spleen smear, respectively. Total numbers of 

lymphocytes and neutrophils were calculated by multiplying the total leukocyte number and 

percentage of lymphocytes or neutrophils. 

4.8.  Cytofluorographic analysis 

Before samples preparation, suspension of splenocytes (30 µl) was diluted with HBSS 

(300 µl) to obtain an optimal frequency of cells detection during cytofluorographic analysis. 

Three-color flow cytometry of whole blood samples and diluted suspension of splenocytes 

was performed using the following antibodies: IOTest CD3-FITC/CD45RA-PC7/CD161a-APC 

and CD3-FITC/CD4-PC7/CD8-APC (Beckman Coulter, Immunotech, Marseille, France) for 

determination of T, B, NK, NKT, and T CD4+ and T CD8+ lymphocytes, respectively. In the 

present study, rat lymphocytes with co-expression of CD3 and CD161a molecules were 

classified as the NKT cells [58]. Cells that express on their surface both the CD3 molecules 

and a diverse set of NK cell markers (e.g., CD161, CD16 or CD56) are described as NKT cells 

[59,60].  According to the manufacturer’s instructions, each antibody (25 μl) was added to 

the separate whole blood samples (25 μl) or a diluted suspension of splenocytes (25 μl), 

mixed and incubated for 20 minutes in the darkness. After the first incubation, erythrocytes 

were lysed (1 ml of Versalyse, Beckman Coulter) and the lymphocytes fixed (25 μl of Fixative 

Solution, Beckman Coulter). The samples were mixed and incubated for 10 minutes in the 

darkness. Flow cytometry was performed in a model FC500 cytometer (Beckman Coulter, 

Inc., Brea, CA, USA). During the assay, the lymphocytes were gated and percentages of 

tested cell phenotypes were assessed. 

4.9.  Plasma corticosterone measurement 

Blood samples (0.4 ml, containing 16 μl of 10% EDTA) were centrifuged. Plasma 

samples were collected and immediately stored at -70°C until testing. Quantitative 

determination of corticosterone concentration in plasma was performed in duplicates in a 

single assay using a commercial radioimmunoassay kit (DRG Diagnostics GmbH, Marburg, 

Germany) and Wizard 1470 gamma counter (Pharmacia LKB, Turku, Finland). The assay was 

performed according to the manufacturer’s instructions. 

4.10.  IL-4 and IFN-γ measurements 

Blood samples (5 ml) were left for clotting at room temperature for 20 minutes and 

centrifuged. The serum samples for measuring concentrations of IL-4 and IFN-γ were 

collected and immediately stored at -70°C until testing. Quantitative determinations of IL-4 

and IFN-γ concentrations in rat serum were performed in duplicates in a single assay for IL-4 

or IFN-γ, using a specific commercial cytokine ELISA kits (GEN-PROBE Diaclone, Besancon, 

France). The assay was performed according to the manufacturer’s instructions. IL-4 and IFN-

γ concentrations were determined using DTX 880 Multimode Detector (Beckman Coulter, 

Inc., Brea, CA, USA) set to 450 nm. 
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4.11.  Cocaine, benzoylecgonine (BE) and ecgonine methyl ester (EME) determinations 

Cocaine, BE and EME were detected and determined by gas chromatography coupled 

with a mass spectrometry detector (GC-MS). Blood samples (5 ml) were left for clotting at 

room temperature for 20 minutes and centrifuged. The serum samples for measuring 

concentrations of cocaine, BE and EME were collected and immediately stored at -70°C. 

Upon testing, the mass of serum samples was determined and the pH of the samples was 

adjusted to pH 9 using the ammonium buffer (NH4Cl/NH3, pH 9.5). The samples were placed 

on the columns packed with diatomaceous earth (Extrelut NT 1, Merck, Darmstadt, 

Germany) and left for 20 minutes at room temperature. Elution of analytes was performed 

with 5 ml of dichloromethane and isopropanol mixture (85:15).  Eluate was evaporated to 

dryness in the mild stream of nitrogen at the temperature of 40°C.  The dried residue was 

dissolved in 50 μl of acetonitrile and 2 μl of the prepared sample extract was injected into 

the GC-MS set for analysis. Gas chromatograph TRACE GC coupled with mass spectrometry 

detector TRACE DSQ (ThermoFinnigan, Milan, Italy) was used for the analysis under the 

following conditions: capillary column, Zebron ZB-5 Guardian (30 m × 0.25 mm i.d. × 0.25 µm 

film thickness, Phenomenex, Torrance, CA, USA); split-splitless capillary inlet system was 

operated in split mode at 280°C; chromatograph oven temperature range 50-285°C; carrier 

gas, helium. Mass spectrometry detector was operated in the SIM mode using the following 

molecular ions for quantification: cocaine, m/z 82, 182, 77; benzoylecgonine, m/z 82, 124, 

168; ecgonine methyl ester, m/z 82, 96, 168. Detection levels for cocaine, EME, and BE were 

1.5 µg/ml, 0.4 µg/ml, and 13 µg/ml, respectively. 

4.12.  Statistical analysis 

Two-way repeated-measures analysis of variance (ANOVA), with cocaine and 

haloperidol as factors, was used to analyze data. Post-hoc comparisons were performed 

using Student’s t-test with Bonferroni correction.  One-way ANOVA was used to compare the 

cocaine and cocaine metabolites concentrations between the groups. 
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Figure S1. Inhibition of cocaine-induced locomotor activity by haloperidol. Haloperidol (HAL) 

in doses of 0.1 mg/kg, 0.25 mg/kg; 0.5 mg/kg; 1.0 mg/kg, 2.5 mg/kg was administered i.v. 10 

minutes before the first infusion of either saline (SAL; 3 × 1 ml/kg) or cocaine (3 × 5 mg/kg) 

infusion. Figure shows mean ± SD. 
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