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Background: A number of studies have demonstrated the significant and rapid antidepres-

sant effects of ketamine, which is also known as a neurotoxic and illicit drug. Ketamine and 

alcohol are increasingly used together in clubs by teenagers and young adults. Previous studies 

have proven that chronic ketamine consumption induces a delayed and persistent activation 

of the dopamine (DA) system. However, the rewarding properties of recreational ketamine 

abuse remain unclear, and the underlying mechanisms of the effects on the DA system after 

administration of ketamine with ethanol are yet to be explored. 

Methods: Here, we evaluated the effects of two different doses of ketamine (30 mg/kg and 

60 mg/kg) with and without ethanol (0.3156 g/kg) on DA concentration in the rat’s ventral 

tegmental area (VTA), a vital region in the reward and motivation system. We explored the 

effects of the combined drug treatment on the expression profiling of the DA metabolism 

genes, tyrosine hydroxylase, dopa decarboxylase, vesicular monoamine transporter 2, and 

synaptosomal-associated protein 25, as well as protein expression level of brain-derived neu-

rotrophic factor in the rat’s VTA. 

Results: We found that administration of ketamine with ethanol led to a significant increase of 

DA in the VTA associated with differential regulation of mRNA levels of the four DA metabo-

lism genes and protein levels of brain-derived neurotrophic factor. Moreover, the rewarding 

properties of coadministration of ketamine and ethanol were related to dopaminergic neuron 

activation in the VTA. 

Conclusion: These results indicated the possibility that combined drug treatment might posi-

tively affect the mesencephalic DA reward system.

Keywords: ketamine, ethanol, TH, DDC, dopamine, ventral tegmental area

Introduction
Recent research reported that chronic recreational ketamine consumption, which refers 

in particular to coadministration with alcohol, has a positive impact on the activity of 

the cerebellum in both mice and humans; furthermore, its toxic effects could cause 

liver fibrosis, deteriorated cardiac functions, and kidney dysfunction that leads to 

reduction in the size of the urinary bladder.1–4 DA system plays a critical role in motor 

function, motivated behavior, reward association, learning, and mood.5 Focusing on 

the DA system in rat brain, recently our group has shown that recreational ketamine 

abuse induces different regulation in the mRNA expression of four genes related 

to DA metabolism, especially for SNAP25, and protein function of BDNF in the 

cortex–striatum circuitry.6 We found that significant increase of DA concentration in 

rats’ striatum could result in drug-paired place preference exhibited by ketamine and 
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ethanol coadministration. However, upregulation of DA-

related genes, SNAP25, was observed in the PFC of rats. And 

behavioral effects of coadministration of ketamine and etha-

nol were also associated with upregulation of BDNF protein 

expression in both striatum and PFC. These interesting results 

helped us better understand the established conditioned place 

preference of rats and the elevated DA level in the cor-

tex–striatum circuitry and also urged us to explore more.

Even though numerous aspects of neurological damage 

of drug abuse are needed to be explored, the common neu-

rochemical mechanism of drugs causing abuse in human and 

other subjects is the increase of the DA released from the 

VTA to a region in the mesocorticolimbic part of the brain, 

for example, the NAc and the PEC.7,8 Therefore, we hypoth-

esized that rapid activation of neural mechanism including 

neurobiological and molecular events in the VTA could be 

more susceptible to drug abuse. Administration of recre-

ational drugs, such as amphetamine, cocaine, etc., increases 

DA release in the VTA, which is the core pathway of relapse 

that causes subsequent addiction after cessation of chronic 

drug use.9 Drug-seeking behavior, caused by decrease in 

dopaminergic neuronal activity after withdrawal of amphet-

amine, could be reversed by an injection of ketamine.10 The 

synaptic alteration in dopaminergic neurons in the VTA was 

reported 24 hours after a single injection of cocaine.11

In the CNS, DA levels are largely determined by DA-

associated synthesis and transport genes, including TH, DDC, 

VMAT2, and SNAP25.12–14 A recent report showed that 

DDC, which encodes aromatic L-amino acid decarboxylase 

in the substantia nigra and VTA, was critically involved in 

motor function.15

Therefore, the current study aimed to assess whether 

administration of ketamine with or without ethanol at dif-

ferent dose induces molecular effects similar to or different 

from the results observed in the cortex–striatum circuitry. 

We explored the DA concentration, transcriptional output of 

the DA-related genes (TH, DDC, SNAP25, and VMAT2), 

BDNF protein in the VTA, and the activated dopaminergic 

neuron in the VTA to find the answer. These findings may 

open new doors to researching the mechanisms underlying 

ketamine and ethanol interaction in the DA system.

Methods
animals
Mature male SD rats (200~250 g, Laboratory Animal Centre, 

KMU, People’s Republic of China) were housed at 22°C–24°C 

with 45%–55% humidity and a 12-hour alternating light–dark 

cycle, with access to food and water ad libitum. All animal 

experiments were performed according to the principles of 

laboratory animal care established under China’s law and 

were also approved by the Ethics Committee of KMU.

Drugs administration
Ketamine (Cat# H35020148, Ketamine Hydrochloride Injec-

tion, Fujian Gutian Pharmaceutical Co Ltd , Fujian, People’s 

Republic of China) was administered intraperitoneally once 

per day for two groups at the sub-anesthetic dose of 30 mg/kg 

(K30) and the higher dose of 60 mg/kg (K60), according to 

the suggested dosage.4,16 The other two experimental groups 

were administrated with ketamine intraperitoneally at the 

dose of 30 mg/kg (K30+E) and 60 mg/kg (K60+E), and 20% 

ethanol (Cat# GB/678-2002, Changshu Yangyuan Chemical 

Industry Co., Ltd, Changshu, People’s Republic of China, 

analytical reagent [AR]) immediately at a dose of 0.3156 g/

kg once a day. The control groups received the same dose of 

ethanol and saline. The animal models were set as in Table 1. 

The above mentioned treatments were performed once a day 

for 30 days. Body weights of the rats were measured weekly 

and doses were adjusted appropriately. Sixteen rats in each 

group were decapitated under deep anesthesia on the 31st 

day. The VTA was dissected on ice and chosen randomly 

for evaluation of DA levels (n = 6), expression of DA-related 

genes (n = 3), expression of BDNF (n = 4), and dopaminergic 

neuron population (n = 3). These evaluations were made 

using ELISA, qRT-PCR, western blot, and IHC analysis.

Da determination
DA concentrations were measured by the commercially avail-

able Rat DA Research ELISA kit (Cat# CSB-E08660r, Cau-

sation Biotech Com pany Ltd, Wuhan, People’s Republic of 

China) according to the user’s manual. Samples of fresh brain 

tissue (100 mg) were rinsed with 1×PBS, homogenized in 1 

mL of 1×PBS and stored overnight at −20°C. Two freeze–

thaw cycles were performed to break the cell membranes; and 

the homogenates were centrifuged for 5 minutes at 5,000 g at 

2°C–8°C. The supernatant was assayed and stored at −80°C. 

Table 1 animal models

Group Morning Afternoon

control saline saline 
e30 20% ethanol 2 ml/kg saline 
K30 Ketamine 30 mg/kg saline 
K60 Ketamine 60 mg/kg saline 
K30+e Ketamine 30 mg/kg 

+
20% ethanol 2 ml/kg 

saline 

K60+e Ketamine 60 mg/kg 
+
20% ethanol 2 ml/kg 

saline 
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The samples were centrifuged again after thawing before the 

assay, and repeated freeze–thaw cycles were avoided. The 

absorbance of standards and samples were measured using a 

micro plate reader (MK-3, Thermo Fisher Scientific, Waltham, 

MA, USA) at 450 nm and a correction wavelength of 570 nm. The 

concentration of each sample was determined by a four-param-

eter logistic (4-PL) regression model. The detection range for DA 

was 0.156–10 ng/mL and the sensitivity was 0.039 ng/mL. All 

data were obtained from a standard curve, with r . 0.999.

qrT-Pcr
qRT-PCR was performed as previously described.17 Each 

group contained three samples, and each sample was ana-

lyzed in triplicate. The dissected brain VTA was flash frozen 

with liquid nitrogen and kept at −80°C. The frozen brain 

tissues (50–100 mg) were homogenized in 1 mL TRIzol 

(Cat# 15596-026, Thermo Fisher Scientific, Waltham, MA, 

USA), and total RNA was isolated using Small AxyPrep total 

RNA preparation kit (Cat# AP-MN-MS-RNA-50G, Axygen, 

Corning, NY, USA), according to the manufacturer’s manual, 

and the RNA concentration and purity (OD260/280) were 

measured by ND-1000 Spectrophotometer (Nanodrop Tech-

nologies, Inc., Wilmington, DE, USA). First strand cDNA 

was synthesized using a RevertAid™ First Strand cDNA syn-

thesis Kit (Cat# K1622, Thermo Fisher Scientific) in a 20 μL 

reaction volume that included 1 μg of template RNA accord-

ing to the user’s manual. RT-PCR reactions were performed 

in 96-well plates in a 7900HT Fast Real-Time PCR System 

(Cat# 4346906, Thermo Fisher Scientific) in a 25-μL mixture 

containing 12.5 μL Maxima® SYBR Green/ROX qPCR Mas-

ter Mix (2×) (Cat# K0221, Thermo Fisher Scientific), 1 μL 

cDNA, 0.75 μL Forward Primer (10 μM), 0.75 μL Reverse 

Primer (10 μM) and 10 μL nuclease free water, in the follow-

ing condition: an initial denaturation at 95°C for 10 minutes, 

followed by denaturation at 95°C for 15 seconds, and anneal-

ing/extension at 55°C for 60 seconds, for 35 cycles in total. 

The primer sequence is shown in Table 2. The primers of 

TH, DDC, SNAP25, VMAT2, and GAPDH were designed 

using Primer Premier 5.0 (Premier Biosoft International). 

Specificity of amplification was confirmed by a melting curve 

with one peak in PCR reactions. Gene expression changes 

between the drug and saline groups were calculated according 

to a 2−∆∆CT method using GAPDH as an endogenous control, 

and relative quantifications of mRNA were performed.18

Western blot
The VTA of the brains of four rats from each group were 

separated on ice and homogenized in ice-cold radioimmu-

noprecipitation assay buffer containing 0.1% PMSF. The 

dissolved proteins were collected from the supernatant after 

centrifugation at 14,000 g at 4°C for 30 minutes. Protein 

concentrations were determined using Nanodrop ND1000 

Spectrophotometer (Nanodrop Technologies, Inc.). A total 

of 20 μg of proteins were separated using 10% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis per-

formed at 80–120 V for 60–80 minutes and then transferred 

onto a PVDF membrane. The membranes were blocked 

with 5% skim milk in Tris-buffered saline for 2 hours and 

then incubated at 4°C overnight with primary antibody: 

anti-BDNF antibody (1:1,000, Rabbit mAb-100 uL, Cat# 

3160-1, Epitomics, Burlingame, CA, USA) and β-Actin 

(1:1,000, Cat# P30002, ABmart, Berkeley Heights, NJ, 

USA). Following three washes with TBST, the membranes 

were incubated with a horseradish peroxidase conjugated 

secondary antibody (1:3,000, Cat# L3012, Goat anti Rabbit 

IgG HRP-conjugated) for 2 hours at room temperature. Blots 

were developed using enhanced chemiluminescence detec-

tion reagents (Thermo Fisher Scientific); and the OD values 

of the protein bands were measured and quantified by a gel 

imaging system (Tanon Science & Technology Co., Ltd., 

Shanghai, People’s Republic of China), and the blots were 

normalized to the respective actin levels.

ihc
The rats were anesthetized and perfused transcardially with 

0.9% saline followed by 4% paraformaldehyde in 0.1 M sodium 

phosphate buffer (pH 7.4). Brains were dissected and post-fixed 

with 4% paraformaldehyde for 24 hours and then embedded 

Table 2 Primers for qrT-Pcr analysis

Gene Primer sequence (5′-3′)

Forward Reverse

Th cgggcTaTgTaaacagaaTgg cacaggcTggTaggTTTgaTc
DDc ccTacTggcTgcTcggacTa TTTcTacggaggaaTgTgcc
VMaT2 ggaTggTggacTccTcTaTgaT cTccTTagcaggTggacTTcg
sNaP25 TggaggagaTgcagaggagg caaTgcgTTccagTTgTTcg
gaPDh acagcaacagggTggTggac TTTgagggTgcagcgaacTT

Abbreviations: DDc, dopa decarboxylase; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; qrT-Pcr, quantitative real-time polymerase chain reaction; sNaP25, 
synaptosomal-associated protein 25; Th, tyrosine hydroxylase; VMaT2, vesicular monoamine transporter 2.
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in paraffin wax. Sections of the VTA (5 μm each) were cut 

coronally from paraffin blocks. IHC was carried out as described 

in the user’s manual, and brain tissue sections were de-waxed 

and rehydrated before antigen retrieval with sodium citrate buf-

fer (pH 6.0). Sections were treated with 0.3% hydrogen peroxide 

(H
2
O

2
) in methanol for 15 minutes to inactivate endogenous 

peroxidases. They were then blocked with 1% BSA and 10% 

normal rabbit serum at room temperature for 1 hour, and then 

incubated at 4°C overnight with rabbit anti-TH (Cat# AB152, 

EMD Millipore, Billerica, MA, USA) diluted 1:500 with 1% 

BSA. On the next day, sections were incubated with solvent 1 

(Polymer Helper, Cat# PV900, ZSGB-BIO) at room tempera-

ture for 20 minutes, then incubated with solvent 2 (polyperoxi-

dase-anti-mouse/rabbit IgG, Cat# PV900, ZSGB-BIO, Beijing, 

People’s Republic of China) diluted 1:1,000 in 1% BSA at 

room temperature for 30 minutes. All slides were washed thrice 

(2 minutes per wash) with PBS after incubation with H
2
O

2
, 

primary antibody, solvent 1, and solvent 2. Finally, the sections 

were developed with a DAB kit (Cat# Zli-9018, ZSGB-BIO) 

under a light microscope at room temperature for 3 minutes, 

and the reactions were quenched with running tap water. After 

staining, the sections were dehydrated through an alcohol series, 

cleared with xylene and mounted. TH immunoreactive cell 

counts were obtained using a confocal imaging system with 

200× magnification (Olympus FV-1000; Olympus). The images 

were quantified using Image Pro Plus 6.0 software analysis 

system (Media Cybernetics, Rockville, MD, USA).

statistical analysis
Simple randomization was used to ensure that each rat had an 

equal chance of receiving any of the treatments under study. 

Continuous variables were expressed as the mean ± SEM. 

Factorial design was used in our experiment, and a two-way 

ANOVA was used to analyze the effect of two different doses 

of ketamine administration on the DA system in the rat VTA. 

We also compared the effect of the different ketamine doses 

when administered with and without ethanol. Tukey’s multiple 

comparisons post hoc test was used to assess the differences 

in the DA concentration, gene and protein expression levels in 

the VTA of the different treatment groups compared with that 

of the controls. Analyses were performed using Prism 6.0 for 

Windows. p , 0.05 was considered statistically significant.

Results
effects of coadministration of ketamine and 
ethanol on Da concentration in the VTa
As shown in Figure 1, the mean DA concentration of the saline-

paired controls was 0.53 ± 0.018 ng/mL. Compared with the 

control groups, the DA concentration remarkably increased 

in the K30+E group by 255.9% (1.38 ± 0.307 ng/mL, 95% 

CI: −1.608 to −0.07666, p = 0.0266), which almost equaled to 

K60 group (1.56 ± 0.271 ng/mL, 95% CI: −1.794 to −0.2621, 

p = 0.0051). However, the combined administration using 

a higher dose of ketamine (60 mg/kg) and 20% ethanol 

(K60+E) did not affect the DA concentration. These results 

correspond with our previous publication, in which a lower 

dose of ketamine (30 mg/kg) can synergistically interact with 

20% ethanol to promote the DA release in the striatum,6 and 

in present work, K30+E treatment significantly increased the 

DA concentration in the VTA.

effects of coadministration of ketamine 
and ethanol on mrNa levels of 
Da-related genes in the VTa
In the quantitative analysis of the mRNA expression levels 

of DA-associated synthesis genes (TH and DDC) and 

transportation genes (VMAT2 and SNAP25) in the VTA 

using qRT-PCR as shown in Figure 2. The K30+E treat-

ment significantly upregulated TH expression in the VTA 

by 466.67% (3.279 ± 0.78, 95% CI: −4.161 to −0.9918, 

p = 0.0014) compared with the control treatment. The average 

TH expression induced by K30+E treatment was higher 

than any other treatments. This suggested that a low dose 

of ketamine (30 mg/kg) synergistically worked with 20% 

ethanol to increase TH expression in the VTA.

DDC expression was not altered by ethanol administra-

tion and was even downregulated by individual treatment of 

ketamine both at low (30 mg/kg) and high dose (60 mg/kg). 

However, it was dramatically upregulated in the K30+E 

by 398.96% (4.30 ± 1.19, 95% CI: −5.180 to −1.263, 

p = 0.0012) and in the K60+E by 354.82% (3.824 ± 0.502, 

Figure 1 Da concentrations in the VTa of rats treated with saline (ctrl), 20% 
ethanol (e), 30 mg/kg ketamine (K30), 60 mg/kg ketamine (K60), 30 mg/kg ketamine 
with 20% ethanol (K30+e), and 60 mg/kg ketamine with 20% ethanol (K60+e).
Notes: a p-value of ,0.05 was considered significant. **p , 0.005, *p , 0.05 
compared to the saline control (ctrl). Data were presented as mean ± seM, N = 6 
per group.
Abbreviations: seM, standard error of the mean; VTa, ventral tegmental area; 
Da, dopamine.
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95% CI: −4.705 to −0.7878, p = 0.005) compared with that in 

the control treatment. This suggested that combined treatment 

(both K30+E and K60+E) clearly altered DDC expression 

in the VTA, which, however, was inhibited when a high 

dose of ketamine was used. These findings indicates that 

coadministration of ketamine and ethanol clearly alters DDC 

expression in VTA, which differentiate the present study 

from our previous publication, in which the same treatment 

did not interfere DDC expression in PFC and striatum.6

Only did K60+E treatment significantly upregulate 

SNAP25 expression by 226.20% (2.499 ± 0.066, 95% 

CI: −2.373 to −0.4151, p = 0.0044) compared with that in 

the control group. These results were similar to our previous 

findings that combined treatment of ketamine at a high dose 

(60 mg/kg) with 20% ethanol promoted SNAP25 expression 

in the PFC, and other ketamine treatment with or without 

ethanol did not alter SNAP25 transcript levels.6,8

We also noted that VMAT2 expression in the VTA 

was not altered by any treatments. TH and DDC transcript 

levels were exclusively upregulated by K30+E treatment. 

In conclusion, mRNA expression of the four DA-related 

genes responded to coadministration of ketamine at a low 

dose (30 mg/kg) with 20% ethanol, especially the TH and 

DDC expression.

effects of coadministration of ketamine 
and ethanol on BDNF protein levels in 
the VTa
In order to better understand the effects of the combined ket-

amine and ethanol on the DA system in the VTA, we explored 

the BDNF protein expression (Figure 3). BDNF levels 

Figure 2 The gene expression levels of Th, DDc, VMaT2, and sNaP25 in the 
rat’s VTa of three independent brain samples in groups of the saline (ctrl), 20% 
ethanol (e), 30 mg/kg ketamine (K30), 60 mg/kg ketamine (K60), 30 mg/kg ketamine 
with 20% ethanol (K30+e), and 60 mg/kg ketamine with 20% ethanol (K60+e) with 
three technical replicates of each sample.
Notes: a p-value of ,0.05 was considered significant. ***p , 0.0005, **p , 0.005. 
Data were presented as mean ± seM, N = 3 per group.
Abbreviations: DDc, dopa decarboxylase; seM, standard error of the mean; 
sNaP25, synaptosomal-associated protein 25; Th, tyrosine hydroxylase; VMaT2, 
vesicular monoamine transporter 2; VTa, ventral tegmental area.

β β

Figure 3 BDNF protein expression in the rat’s VTa treated with the saline (ctrl), 20% ethanol (e), 30 mg/kg ketamine (K30), 60 mg/kg ketamine (K60), 30 mg/kg ketamine 
with 20% ethanol (K30+e), and 60 mg/kg ketamine with 20% ethanol (K60+e).
Notes: histograms represent mean ± seM of densitometry, N = 4. representative Western blot images were shown. a p-value of ,0.05 was considered significant. 
**p , 0.005 compared to the saline control (ctrl). Data were presented as mean ± seM, N = 4 per group.
Abbreviations: BDNF, brain-derived neurotrophic factor; seM, standard error of the mean; VTa, ventral tegmental area.
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were downregulated by K30 treatment, however, K30+E 

treatment significantly elevated the protein expression 

by 255.53% (2.272 ± 0.203, 95% CI: 0.03040 to 2.486, 

p = 0.0432) compared with the control. And BDNF expres-

sion was significantly upregulated by combined treatment 

of ketamine in a dose-dependent manner in the VTA, 

K60+E treatment enhanced protein expression by 261.44% 

(2.634 ± 0.008, 95% CI: 0.3921 to 2.848, p = 0.0067) com-

pared with the control. This demonstrated a dose-dependent 

upregulation of BDNF abundance by combined treatment of 

ketamine and ethanol. Besides, we also noted that ethanol treat-

ment upregulated the BDNF protein expression by 206.78% 

(2.067 ± 0.600, 95% CI: −0.1744 to 2.281, p = 0.1110) 

compared with the control, even though it did not reach 

statistical significance, which was inferior to the coadminis-

tration treatment, as shown by the representative blot images 

in the Figure 3.

effects of coadministration of ketamine 
and ethanol on dopaminergic neurons in 
the VTa
We evaluated the alteration of dopaminergic neurons in the 

VTA after different exposure to ketamine using TH IHC. 

As shown in Figure 4A, in the immunostaining of sections 

from the VTA in rat brains, TH positive cells were observed, 

especially in K30, K60, K30+E, and K60+E groups. 

Figure 4 (A) Th immunostaining of section from the rat’s VTa treated with the saline (control), 20% ethanol (ethanol), 30 mg/kg ketamine (K30), 60 mg/kg ketamine (K60), 
30 mg/kg ketamine with 20% ethanol (K30+e), and 60 mg/kg ketamine with 20% ethanol (K60+e), N = 3 per group, Th positive neurons (brown, arrows) were found in the 
VTa as shown, 200×. (B) AOD of immunohistochemical staining of TH calculated by Image Pro Plus 6.0 software. *Indicates p,0.05 compared to the saline control.
Abbreviations: aOD, average optical density; Th, tyrosine hydroxylase; VTa, ventral tegmental area.
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Average OD value in K30+E and K60+E were higher than 

administration of ketamine or ethanol only and control 

(Figure 4B). These results were consistent with BDNF 

protein expression in the VTA, suggesting that cellular 

protein abundance of BDNF probably has corresponding 

effects with activation of dopaminergic neuron. Coadmin-

istration of ketamine with ethanol (K30+E and K60+E) 

significantly increased dopaminergic neurons compared with 

the other groups.

Discussion
Besides an antidepressant, ketamine is also a recreational 

drug. Drug abusers take ketamine by inhaling (60–250 mg), 

consuming orally (200–300 mg), injecting intramuscularly 

(75–125 mg), or intravenously (50–100 mg).19 Available data 

indicate that recreational dose of ketamine orally consumed 

can start at approximately 100 mg20 and long-term recre-

ational dose increases based on the abuser’s psychological 

dependence and tolerance.21

The dopaminergic neurons in the VTA play a critical role 

in the reward system, and the glutamatergic–dopaminergic 

pathway interactions are believed to contribute to addiction-

related behavior in ketamine abusers.22 Self-administration of 

ketamine significantly decreases the ratio of p-GSK-3β and 

t-GSK-3β in the VTA, which is thought to be implicated in 

the neurochemical mechanism underlying ketamine-induced 

neuronal toxicity and behavioral disturbance.23 Considering 

that ketamine and ethanol are often consumed together, suf-

ficient exploration of their direct and indirect effects on the 

neural pathways in the VTA is needed.

It was reported that cocaine (10 mg/Kg i.p.) induced an 

increase of DA extracellular levels in VTA of control rats;24 

and withdrawal of cocaine for 7 consecutive days induced a 

reduction in DA extracellular levels in VTA and substantia 

nigra pars compacta in response to a cocaine challenge.25 

Similarly, in vivo microdialysis experiments demonstrated 

that appetitive rewards promoted DA release in the NAc 

via the pathway receiving projections from the VTA.26 From 

the present study, we noted a significant increase of DA 

concentration in the VTA after being treated with K30+E 

(Figure 1), which correlated with our published findings that 

coadministration of 30 mg/kg ketamine and 20% ethanol 

elevated the DA concentration in the striatum of rats,6 

suggesting combined treatment of ketamine at a low dose 

and ethanol probably induced dopaminergic hyperactivity. 

However, few effects of ethanol on the alteration of the DA 

concentration were observed. Application of ethanol may 

increase the phosphorylation levels of NMDA receptors 

mediated by activating signaling pathways, and acute ethanol 

exposure might affect the inhibitory effects of ketamine.27 

Although ethanol did not induce DA efflux at this dose 

(0.3156 g/kg),28 ketamine and ethanol did have overlapping 

mechanisms of activation of midbrain dopaminergic trans-

mission. And effects of an anesthetic dose of ketamine on 

glutamate were enhanced when ketamine was administered 

together with ethanol.

TH is a rate-limiting enzyme in DA biosynthesis and 

its activity plays an important role in determining DA 

concentrations.29 Upregulation of TH expression was found 

in animals either acutely or chronically treated with other 

abusive drugs such as morphine and phencyclidine.30,31 

Repeated exposure to ethanol increased levels of TH and 

enhanced the firing rate of the VTA DA neurons via an 

unknown mechanism.12 In this study, we observed that there 

was a significant upregulation of TH transcriptional expres-

sion (4.6 folds) in the VTA following the K30+E treatment 

(Figure 2), which corresponded with our previous findings 

that the K30+E treatment elevated the TH expression by 

8.16 folds in the PFC of rats.6 The findings suggested that 

the increase of DA concentration in the VTA after K30+E 

treatment probably correlated with altered expression of DA 

synthesis genes.

This hypothesis was further supported by our results that 

the mRNA levels in DDC gene expression increased more 

(4.0 fold for K30+E group; 3.5 fold for K60+E group) in 

the rat’s VTA. Very early reports showed that the L-aromatic 

amino acid decarboxylase in limbic system structures was 

involved in the intake of alcohol and could comprise a part 

of the mechanism underlying the introduction of drinking.32 

It was also observed that the brain DA concentration 

increased in an alcohol-preferring rat model via activation 

of TH and DDC.33 As research showed, the DDC gene was 

more susceptible to ethanol than ketamine, also the TPH2 

and DDC were suggested as the potential mediators of the 

serotonin synthesis pathway in alcohol consumption.34 The 

inhibition of DDC gene expression after coadministration of 

ketamine at a higher dosage with ethanol mainly explained 

attenuation of DA release under this dose.

The significant increase of DA levels in the VTA of 

the K30+E treatment (Figure 1) might also be explained 

by high BDNF protein expression in the VTA of the same 

group (Figure 3). BDNF is present in the VTA,35 and its 

trkB receptors are present in both GABA neurons and DA 

neurons in the VTA.36,37 Chronic drug abuse upregulates 

BDNF protein levels in the VTA neurons,35 and a single infu-

sion of BDNF into the VTA shifts the opiate reward system 
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from DA-independent to DA-dependent in opiate-naïve 

rat model.38 Therefore, we observed a significant increase 

of BDNF protein levels in the VTA for the K30+E group, 

suggesting that the BDNF pathway may contribute to drug 

treatment-induced DA efflux in the VTA. We also noticed 

that decreased BDNF signaling may participate in NMDAR 

antagonist (ketamine 75 mg/kg, i.p. or MK801 0.5 mg/kg, 

i.p.) induced neurotoxicity and neuroapoptosis,39,40 in line 

with these findings, K30 treatment downregulated the BDNF 

protein level in the VTA, which indicated neuroapoptosis 

might occurred after 30 days’ ketamine treatment. The 

upregulation of BDNF expression induced by combined 

treatment (2.2 folds for K30+E, 2.6 folds for K60+E) was 

higher than only ethanol or ketamine given (2.0 folds for E 

and K60, 0.5 folds for K30), which further explained the 

interactive effects of ketamine and ethanol in the VTA’s 

DA system.

We visually evaluated the alteration of dopaminergic 

neurons in the VTA using TH IHC (Figure 4). Dopaminergic 

neurons in the VTA are believed to play a critical role in 

the reward and motivation systems, as the addictive proper-

ties of psychostimulant drugs depend on the activation of 

dopaminergic neurons. As reported, acute withdrawal of 

amphetamine causes the DA neuronal activity in the VTA to 

decrease. Whereas, the DA activity in the VTA is enhanced 

after acute administration of drugs, which is proposed to 

predispose an individual to seeking and taking drugs.10 

It was also reported that DA dysfunctions contributed to 

anhedonia, a decreased sensitivity to rewarding events,41 and 

were observed in addicted individuals or animal models of 

long-term withdrawal.42,43 In the present study, the activation 

of dopaminergic neurons was also observed after the K30+E 

treatment, which indicated that the enhanced rewarding 

properties of ketamine recreational abuse might be related to 

activation of dopaminergic neurons in the VTA.

However, additional investigation into the NAc core after 

drug administration is necessary to examine the projection 

from the VTA dopaminergic neurons. Furthermore, to thor-

oughly understand the reward properties of ketamine, it is 

crucial to also investigate how different dosages of ketamine 

with or without ethanol and different durations of treatment 

might affect the reward system.

Conclusion
In summary, in the present study, we showed that there 

was a possible positive activation of the DA neurons in the 

VTA mediated by upregulation of TH and DDC genes and 

BDNF protein expression in the K30+E group. Different 

coadministration effects on the DA system in the cortex–

striatum circuitry6 and the VTA indicated that there were 

different signaling pathways associated with abusive use of 

ketamine with or without ethanol. Due to the increasing dam-

age induced by ketamine recreational abuse, more detailed 

mechanisms underlying the interactive effects of ketamine 

and ethanol on the CNS need to be explored.
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