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Moderate to high ethanol and acetaldehyde administration decreases c-fos protein expression in the 

hippocampus of Aldh2-knockout and C57BL/6N mice
Mostofa Jamal1, Ayako Ito2, Naoko Tanaka3, Kiyoshi Ameno4, Takanori Miki5, Hiroshi Kinoshita6

Abstract:
Background: Ethanol (EtOH) and acetaldehyde (AcH) have long been associated with many 
adverse effects in the central nervous system. c-fos has been used as an indirect index of neural 
activity. Method: Here, we investigated the effects of systemic administration of EtOH and AcH 
on the expression of c-fos protein in the hippocampus of Aldh2-knockout (Aldh2-KO) mice. The 
animals received an intraperitoneal injection of saline (control), EtOH (1.0, 2.0 and 4.0 g/kg) 
or AcH (50, 100 and 200 mg/kg), and the expression of c-fos protein was measured by Western 
blotting. Result: We found that EtOH at doses of 2.0 and 4.0 g/kg decreased c-fos in wild-type 
(WT) mice, whereas EtOH at all three doses tested (1.0-4.0 g/kg) decreased c-fos in Aldh 2-KO 
mice. Likewise, AcH at doses of 100 and 200 mg/kg had a significant effect in lowering c-fos 
protein in both WT and Aldh2-KO mice. Conclusion: Our observations suggest that moderate 
to high EtOH and AcH can decrease the expression of c-fos protein in the mouse hippocampus. 
This effect may support, at least in part, the link between c-fos and spatial memory deficits 
following EtOH and AcH exposure as we have observed in our previous study. 
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Introduction
Ethanol (EtOH) and acetaldehyde (AcH) have 
numerous pharmacological and neurobehavioral 
effects; in fact, some of the effects of EtOH are 
mediated by its first metabolite AcH. People 
with deficient low-KM aldehyde dehydrogenase 2 
(ALDH2) activity may accumulate high levels of 
AcH in their bodies after drinking EtOH1. In most 
previous studies, the effects of AcH have been 
assessed by the direct administration of AcH or 
ALDH inhibitors, such as cyanamide or disulfiram 
(which results in AcH accumulation) in laboratory 
animals2-4. Here, we used Aldh2-knockout (Aldh2-

KO) mice as a model of ALDH2-deficient humans 
to investigate the effects of EtOH and AcH on 
c-fos protein expression in the hippocampus after 
intraperitoneal (i.p.) administration of EtOH.
The fos signal has long been used as an indirect 
index of neural activity. Neurons can respond to 
extracellular stimulation by modulating the expression 
of certain immediate early genes, most importantly 
c-fos, which is known to play an important role in 
neuronal adaptations and brain plasticity5,6. c-fos is 
widely distributed in the rat brain, particularly in the 
cortex, hippocampus and cerebellum7,8, and has been 
associated with memory9,10. EtOH consumption is 
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characterized by a wide range of effects that suggest 
several neuroanatomical targets for this drug. Several 
works have shown an association between c-fos 
activation and learning and memory processes in rats. 
For example, c-fos is essential for spatial memory 
formation11-13. Several studies have demonstrated the 
effects of EtOH on the expression of c-fos in a large 
number of neurons in the animal brain14-17. Only a 
very few studies have measured c-fos expression 
after systemic AcH administration in several areas of 
the rat brain14,17.

Our previous study using Aldh2-KO mice suggests 
that high EtOH and AcH impaired spatial memory 
performance18. Here, we chose to study c-fos 
expression in the hippocampus because this region 
is generally considered to play a critical role in the 
processing of spatial information19. Therefore, it is 
essential to ascertain whether the EtOH- and AcH-
induced memory deficit could be related to the 
expression of c-fos in the hippocampus. Toward this 
aim, we sought to use Aldh2-KO mice; this genotype 
has not previously been tested for c-fos expression 
after systemic EtOH administration and the 
subsequent changes in AcH levels. We next tested, 
in the same animals, the effects of AcH on c-fos after 
direct i.p. administration of AcH to investigate the 
possibility that AcH may act as a mediator of EtOH 
consumption. In this study, Western blotting (WB) 
was used to measure c-fos protein expression in the 
hippocampus of Aldh2-KO and wild-type (WT) mice 
60 min after the i.p. administration of saline, EtOH 
(1.0, 2.0 and 4.0 g/kg) or AcH (50, 100 and 200 mg/
kg). 
Methods
Animals 
Aldh2-KO mice were generated as previously 
reported20. These mice were maintained and 
backcrossed with the C57BL/6J strain for more 
than 10 generations. They have the same genetic 
background, except for Aldh2. Two eight-week-old 
male/female pairs were obtained from the Department 
of Environmental Health at the University of 
Occupational and Environmental Health in Japan 
and were bred at the Kagawa University animal 
facility. Breeding pairs from this strain were used 
to generate the experimental groups. WT mice have 
the same genetic background as C57BL/6J mice and 
were bred in our animal facility. All experiments 
were conducted with male mice. Each was 10-12 
weeks in age and weighed 24-28 g. All animals 
were housed in controlled temperature (21 ± 3˚C), 

humidity (50-70%) and light (12-h light-dark cycle) 
conditions.  
Experimental groups 
Aldh2-KO and WT male mice were divided into eight 
experimental groups (n=5 per group): (a) saline (10 
ml/kg, 0.9% NaCl), (b) EtOH (1.0 g/kg), (c) EtOH 
(2.0 g/kg), (d) EtOH (4.0 g/kg), (e) 4-methylpyrazole 
(4-MP) + AcH (50 mg/kg), (f) 4-MP + AcH (100mg/
kg), (g) 4-MP + AcH (200 mg/kg), (h) 4-MP alone. 
4-MP (an alcohol dehydrogenase inhibitor) was 
administered before the AcH to block the reversible 
conversion of AcH to EtOH. The EtOH (20%, w/v) 
and AcH (4%, w/v) were dissolved in 0.9% saline, 
and all injections were administered i.p. in a volume 
of 10 ml/kg. 4-MP (82 mg/kg) i.p. was given an hour 
before the injection of AcH. After mice received an 
i.p. injection of saline, EtOH or AcH, brain tissue 
was collected 60 min later. A high dose of EtOH (4 g/
kg) was given according to the previous work21. 
Brain sample
Mice were killed by cervical dislocation and then 
decapitated. Brains were quickly removed and were 
washed in cold saline for twice. The hippocampus 
from one half-brain was removed and immediately 
transferred to a 2.5 tube containing 0.4 ml of 
Radioimmuno precipitation assay buffer (RIPA) lysis 
buffer (SantaCruz) for protein. The tissue samples 
were subsequently homogenized with Polytron (PT 
2500E, Switzerland), and an additional 0.4 ml of buffer 
was added with 10 µl of each phenylmethylsulfonyl 
fluoride (PMSF), Na orthovanadate and phosphatase 
inhibitor for a total sample volume of 0.8 ml. After 
centrifugation at 12,000g at 4 °C for 15 min, the 
supernatant was used for protein concentration. The 
protein content of the supernatant was determined 
by Bradford (Bio-Rad, Hercules, CA) using bovine 
serum albumin (Sigma Chemical, St. Louis, MO) 
as the standard. The total protein concentration was 
measured at 590 nm using a microplate reader (SH-
9000Lab, Corona Electric). 
Western blot analyses
Samples were run on 10% SDS PAGE with 
molecular weight markers (Bio-Rad), then 
transferred electrophoretically to PVDF membranes. 
The blots were blocked at room temperature with 5% 
(w/v) non-fat dried milk in Tris-buffered saline (pH 
7.4) containing 0.1% tween-20. Membranes were 
subsequently incubated at 4°C overnight with primary 
antibodies against c-fos (1:1000, sc-52, SantaCruz) 
and β-actin (1:2000, Cat# 013-24553, Wako Pure 
Chemical Industries Ltd, Japan). The immunoblots 
were incubated with a horseradish peroxidase-
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conjugated anti-rabbit IgG (GE Healthcare Japan, 
Tokyo) for 1 h, and then signals were visualized 
using Luminata Crescendo Western HRP Substrate 
(Millipore). The band intensities were evaluated 
by an LAS-1000plus lumino-imaging analyzer 
(Fujix). The relative expression of protein levels was 
normalized to the β-actin level in each sample.
Statistics
All values were expressed as the mean ± standard 
error of the mean (SEM); values of P<0.05 were 
considered significant. The data were analyzed with 
StatPlus 2009 (version 5.8) software using a two-
way analysis of variance (ANOVA). Post-hoc tests 
were performed using the Tukey–Kramer test. 
Ethical clearance: All animal experiments were 
approved by the Kagawa University Animal 
InvestigationCommittee. 
Results

Figure 1: c-fos protein after exposure to EtOH (1.0, 
2.0 and 4.0 g/kg) in the hippocampus of WT mice and 
Aldh2-KO mice (A) and the genotype differences on 
c-fos (B). Data represent mean ± SE (n = 5). *P<0.05 
and **P<0.01 versus saline; †P<0.05 and ††P<0.01 
versus EtOH (1.0 g/kg). Sal; saline, Et1.0; ethanol 
1.0 g/kg; Et2.0, ethanol 2.0 g/kg; Et4.0, ethanol 4.0 
g/kg.
Fig. 1 shows the effects of different doses of EtOH on 
c-fos protein expression in the hippocampus of WT 
and Aldh2-KO mice (A).  The results of the ANOVA 
revealed that there was a significant main effect of 
EtOH treatment (df 3,32; F=29.209; p<0.001), but 

there was no significant interaction between treatment 
× animal (df 3,32; F=0.414; p=0.744). For WT mice, 
further analysis with Tukey-Kramer post hoc tests 
show that treatment with 2.0 (P=0.005) and 4.0 g/kg 
(P<0.001) of EtOH resulted in a significant decrease 
in the level of c-fos when compared with saline. 
There was a significant difference in c-fos between 
the 1.0 g/kg EtOH and 2.0 g/kg EtOH (P=0.041) 
groups, and between the 1.0 g/kg EtOH and 4.0 g/kg 
EtOH (P < 0.001) groups. For Aldh2-KO mice, the 
post hoc analysis with the Tukey–Kramer test showed 
that treatment with 1.0 (P=0.049), 2.0 (P<0.001) and 
4.0 g/kg (P<0.001] of EtOH resulted in a significant 
decrease in the level of c-fos when compared with 
the saline group. Significant differences were found 
between the 1.0 g/kg EtOH and 2.0 g/kg EtOH 
(P<0.013) groups, and between the 1.0 g/kg EtOH 
and 4.0 g/kg EtOH (P<0.001) groups. There was no 
significant difference in c-fos expression in the saline 
group between WT and Aldh2-KO mice (P=0.055) 
(B). 

Figure 2: c-fos protein after exposure to AcH (50, 
100 and 200 mg/kg) in the hippocampus of WT and 
Aldh2-KO mice (A) and the genotype differences on 
c-fos (B). Data represent mean ± SE (n = 5). *P<0.05 
and **P<0.01 versus saline; †P<0.05 and ††P<0.01 
versus AcH (50 mg/kg). Sal; saline, AcH50; AcH 50 
mg/kg; AcH100, AcH 100 mg/kg; AcH200, AcH 200 
mg/kg. 
Fig. 2 shows the effects of different doses of AcH 
on c-fos protein expression in the hippocampus of 
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WT and Aldh2-KO mice (A). An ANOVA revealed 
a significant main effect of AcH treatment (df 3,32; 
F=23.683; P<0.001), but there was no significant 
interaction between treatment × animal (df 3,32; 
F=0.833; p=0.486).  For WT mice, the post hoc 
analysis with the Tukey–Kramer test showed 
that treatment with 100 (P<0.001) and 200 mg/
kg (P<0.001) of AcH resulted in a significant 
decrease in the level of c-fos when compared with 
the administration of saline. Significant differences 
were found between the 50 mg/kg AcH and 100 
mg/kg AcH (P=0.007) groups, and between the 50 
mg/kg AcH and 200 mg/kg AcH (P<0.001) groups.  
The 4-MP alone group had no effects on c-fos in 
WT mice (data not shown). For Aldh2-KO mice, 
the post hoc analysis with the Tukey–Kramer test 
showed that treatment with 100 (P=0.04) and 200 
mg/kg (P=0.002) of AcH resulted in a significant 
decrease in the level of c-fos when compared with 
the administration of saline. Significant differences 
were found between the 50 mg/kg AcH and 100 mg/
kg AcH (P=0.013) groups, and between the 50 mg/
kg AcH and 200 mg/kg AcH (P<0.001) groups.  The 
4-MP alone group had no effects on c-fos in Aldh2-
KO mice (data not shown). There was no significant 
difference in c-fos expression in the saline group 
between WT and Aldh2-KO mice (P=085) (B). 
Discussion
This study was undertaken to delineate, for the first 
time, the effect of acute treatment with different doses 
of EtOH and AcH on c-fos protein in the hippocampus 
of Aldh2-KO and WT mice. The main results we 
report here are the following: 1) 2.0 and 4.0 g/kg of 
EtOH decreased c-fos in WT mice, whereas EtOH 
at all three doses tested deceased c-fos in Aldh2-KO 
mice, indicating that both EtOH and AcH mediate 
this effect; and 2) AcH at doses of 100 and 200 mg/kg 
decreased c-fos protein in both WT and Aldh2-KO 
mice, suggesting that AcH itself exerts this effect. 
These findings are the first to suggest that EtOH and/
or AcH can decrease the expression of c-fos protein 
in the hippocampus of mice. 
A series of studies has demonstrated the effects of 
EtOH on the expression of c-fos in a large number of 
neurons in the rat brain. Their results demonstrated 
that EtOH-induced changes in c-fos are variable in 
rat brains, increasing in many cases (3, 14-16), but 
decrease17 or having no significant effect in others22,23. 
Here, we chose mice to give an i.p. injection of 
different doses of EtOH (1.0, 2.0 and 4.0 g/kg) so that 
we could observe the effects of EtOH and subsequent 
changes in AcH levels on the expression of c-fos in 

the hippocampus. The high AcH concentration in the 
EtOH groups of Aldh2-KO mice is probably due to 
the constant rate of EtOH oxidation over a wide range 
of EtOH concentrations (24). We, selected C57BL/6 
mice instead of rats because the two respond 
differently to EtOH administration25. C57BL/6 mice 
have a greater availability of hepatic enzyme alcohol 
dehydrogenase (ADH) than other inbred strains of 
mice26. The difference in ADH activity among the 
mouse strains may suggest a difference in the extent 
or mechanism of damage caused by EtOH.
Our results revealed a significant decrease in c-fos 
protein after treatment with 2.0 and 4.0 g/kg of EtOH 
in WT mice, while in Aldh2-KO mice, this effect was 
seen at all three doses of EtOH (1.0, 2.0 and 4.0 g/
kg) indicating a role for AcH in EtOH’s mechanism 
of action (Fig. 1). The finding of a decrease in c-fos 
after low-moderate-high EtOH exposure in Aldh2-
KO mice has led to the suggestion that EtOH can 
depress c-fos in the hippocampus which may depend 
on the metabolism of EtOH to AcH. In support of this 
possibility is a study showing that administration of a 
low to moderate dose of alcohol (0.5 and 1.5 g/kg) led 
to the suppression of c-fos only in the hippocampus17. 
EtOH at a dose of 1.5 g/kg may also produce strong 
suppression of hippocampal memory and block 
both basal and experience-dependent c-fos mRNA 
induction in the hippocampus27. EtOH-induced 
suppression of hippocampal c-fos and memory is 
likely mediated by central GABAergic, glutamatergic 
and dopaminergic systems (28). Although we did not 
find any changes of c-fos in WT mice at a low dose 
of EtOH (1.0 g/kg). We chose this dose as the lowest 
one used in our study since a low dose (1.0 g/kg) 
of EtOH does not have consistent memory effects in 
WT mice18. Notably, the pattern of decrease in c-fos 
with EtOH in this study was similar at a dose (2.0 g/
kg) that is able to affect spatial memory performance 
in both WT and Aldh2-KO mice18. Moreover, EtOH-
induced effects on c-fos are brain-region specific17 
suggest the possibility that the reduction in c-fos 
reflects a non-specific EtOH-related cellular toxicity. 
Taken together, the present results suggest that EtOH-
induced suppression of hippocampus-dependent 
memory could be through downregulation of c-fos 
expression in the hippocampus. 
Previously, we measured brain AcH concentrations 
in mice following direct administration of AcH in 
Aldh2-KO and WT mice24. Their results showed 
that AcH levels are more than two-fold higher in the 
brains of Aldh2-KO mice compared to those in WT 
mice probably due to ALDH2 deficiency. The enzyme 
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ALDH2 is likely to responsible for the majority of 
AcH oxidation. Although AcH concentration was not 
measured in the current study, we expect that the data 
would be similar to those we reported in our previous 
study. AcH levels used in this experiment were much 
greater than those achieved naturally, and such high 
levels of AcH in the blood may therefore enter the 
brain.  
Thus far, very few studies have measured c-fos 
expression after systemic AcH administration in 
several areas of the rat brain, most of which have 
a substantial dopamine innervation14,29. They have 
used lower (0.032 g/kg) and higher (0.1 to 0.5 g/
kg) doses of AcH. The pattern of results found 
by those studies was different from our results: 
increase14 and no changes29. In another study, AcH 
does cause a significant increase in c-fos mRNA in 
the paraventricular nucleus of the rat hypothalamus, 
where ALDH inhibitor cyanamide with EtOH was 
administered to obtain a high concentration of AcH3. 
However, no study has previously examined c-fos 
expression in the hippocampus of mice after systemic 
administration of AcH. Our results revealed a 
significant decrease in c-fos after treatment with 100 
and 200 mg/kg of AcH in both genotypes of mice, 
whereas a lower dose (50 mg/kg) had no effects in 
either genotype of mice (Fig. 2). The reason for these 
discrepancies in c-fos expression between previous 
studies and ours is not clear, but it might be due 
to the different strains and brain regions used. The 
activity of c-fos is modulated by interactions with 
a number of kinases. For example, the activation 
of c-fos is regulated by MAPK pathways30. Protein 
kinase C (PKC) also stimulates the expression of 
the c-fos gene31 Our results suggest that EtOH and 
AcH can inhibit c-fos expression by affecting MAPK 
and PKC pathways. The mechanism underlying this 
effect needs to be clarified. 
Our results reflect the same pattern of results found 
in behavioral studies demonstrating that the systemic 
injection of EtOH and AcH induces sedative as well 
as depressive and memory-impairing effects4,18,32. 
c-fos expression in the hippocampal dentate gyrus is 

associated with major depression33. Moreover, c-fos 
expression in the cortex and the dorsal hippocampus 
is necessary for spatial memory formation11,13. 
The inhibition of c-fos in the brain resulted in a 
significant increase in the number of reference and 
working memory errors11. It is possible to argue 
that the acute administration of EtOH and AcH, 
which in turn results in decreased c-fos expression 
in the hippocampus, could contribute to these spatial 
memory deficits.
Conclusion
We can conclude from the present study combined 
with previous studies that exposure of mice to a 
moderate to high dose of EtOH and AcH can cause the 
expression of c-fos to decrease in the hippocampus. 
Although, c-fos induction could reflect the functional 
activity of the neurons, our data provide evidence for 
the first time of a likely inhibition of c-fos by EtOH 
and/or AcH in the mouse hippocampus; additional 
work is required to confirm this conjecture by using 
other immediate early gene markers to evaluate the 
effects EtOH and AcH on this brain area. 
Acknowledgement
This work was supported in part by the Grant-in-Aid 
for Scientific Research [Grand No (c) 22590636, 
20590681] from the Ministry of Education, Culture, 
Sports, Science and Technology, Japan. We thank 
Toyoshi Isse, Toshihiro Kawamoto (University of 
Occupational and Environmental Health, Fukuoka, 
Japan) and Kyoko Kitagawa (Hamamatsu University 
School of Medicine, Japan) for providing two 
breeding pairs of Aldh2-KO mice. We also thank 
Ihara Mai (Department of Anesthesiology and 
Emergency Medicine) for technical assistance. 
Conflict of interest disclosure
The authors have no conflict of interest to declare
Individual Contribution of the Authors:
Conceptual work: Jamal M
Data collection: Jamal M,  Ito A, Tanaka N, Ameno K, 
Miki T, Kinoshita H
Manuscript writing: Jamal M
Editing of final manuscript: Jamal M, Ito A, Tanaka 

N, Ameno K, Miki T, Kinoshita H



88

Moderate to high ethanol and acetaldehyde administration decreases c-fos protein expression in the hippocampus of Aldh2-knockout and C57BL/6N mice

References:
1. Wall, T.L, Peterson, C.M., Peterson, K.P., 

Johnson, M.L, Thomasson, H.R., Cole, M., Ehlers, 
C.L. Alcohol metabolism in Asian-American 
men with genetic polymorphisms of aldehyde 
dehydrogenase. Ann Intern Med. 1997. 127:376-379. 
https://doi.org/10.7326/0003-4819-127-5-199709010-
00007

2. Abe, K., Yamaguchi, S., Sugiura, M., Saito, H. The 
ethanol metabolite acetaldehyde inhibits the induction 
of long-term potentiation in the rat dentate gyrus 
in vivo. Br J Pharmacol. 1999, 127:1805-1810. 
https://doi.org/10.1038/sj.bjp.0702738

3. Kinoshita, H., Jessop, D.S., Roberts, D.J., Ameno, 
K., Ijiri, I., Hishida, S., Harbuz, M.S. Effects 
of acetaldehyde on c-fos mRNA induction in 
the paraventricular nucleus following ethanol 
administration. Alcohol Alcohol 2002. 37:432-435. 
https://doi.org/10.1093/alcalc/37.5.432

4. Quertemont, E., Tambour, S., Bernaerts, P., Zimatkin, 
S.M., Tirelli, E. Behavioral characterization of 
acetaldehyde in C57BL/6J mice: locomotor, 
hypnotic, anxiolytic and amnesic effects. 
Psychopharmacology (Berl). 2004. 177:84-92. 
https://doi.org/10.1007/s00213-004-1911-x

5. Chaudhuri, A. Neural activity mapping with inducible 
transcription factors. Neuroreport 1997. 8: v-ix. 
https://doi.org/10.1097/00001756-199709080-00002

6. Kaczmarek, L. Gene expression in learning processes. 
Acta Neurobiol Exp. 2000. 60:419 442.

7. Beck, C.H. and Fibiger, H.C. Conditioned fear-
induced changes in behavior and in the expression 
of the immediate early gene c-fos: with and without 
diazepam pretreatment. J Neurosci. 1995, 15:709-720. 
https://doi.org/10.1523/JNEUROSCI.15-01-00709.1995

8. Wilce, P.A., Le, F., Matsumoto, I., Shanley, B.C. 
Ethanol inhibits NMDA-receptor mediated regulation 
of immediate early gene expression. Alcohol Alcohol 
Suppl. 1993. 2:359-363.

9. Radulovic, J., Kammermeier, J., Spiess, J. Relationship 
between fos production and classical fear conditioning: 
effects of novelty, latent inhibition, and unconditioned 
stimulus preexposure. J Neurosci. 1998. 18:7452-61. 
https://doi.org/10.1523/JNEUROSCI.18-18-07452.1998

10. Tischmeyer, W. and Grimm, R. Activation of 
immediate early genes and memory formation. 
Cell Mol. Life Sci.1999. 55:564-574. Review. 
https://doi.org/10.1007/s000180050315

11. He, J., Yamada, K., Nabeshima, T. A role 
of Fos expression in the CA3 region of the 
hippocampus in spatial memory formation in rats. 
Neuropsychopharmacology 2002. 26:259-68. 
https://doi.org/10.1016/S0893-133X(01)00332-3

12. Santín, L.J., Aguirre, J.A., Rubio, S., Begega, A., Miranda, 
R., Arias, J.L. c-Fos expression in supramammillary and 
medial mammillary nuclei following spatial reference and 
working memory tasks. Physiol Behav. 2003. 78:733-739. 

https://doi.org/10.1016/S0031-9384(03)00060-X
13. Countryman, R.A., Kaban, N.L., Colombo, P.J. 

Hippocampal c-fos is necessary for long-term 
memory of a socially transmitted food preference. 
Neurobiol Learn Mem. 2005. 84:175-83. 
https://doi.org/10.1016/j.nlm.2005.07.005

14. Segovia, K.N., Vontell, R., López-Cruz, L., Salamone, 
J.D., Correa, M. c-Fos immunoreactivity in prefrontal, 
basal ganglia and limbic areas of the rat brain after central 
and peripheral administration of ethanol and its metabolite 
acetaldehyde. Front Behav Neurosci. 2013. 24:7-48. 
https://doi.org/10.3389/fnbeh.2013.00048

15. Zoeller, R.T., Fletcher, D.L. A single administration 
of ethanol simultaneously increases c-fos mRNA 
and reduces c-jun mRNA in the hypothalamus and 
hippocampus. Mol Brain Res. 1994. 24:185-191. 
https://doi.org/10.1016/0169-328X(94)90131-7

16. Chang, S.L., Patel, N.A., Romero, A.A. 
Activation and desensitization of Fos 
immunoreactivity in the rat brain following ethanol 
administration. Brain Res. 1995. 679:89-98. 
https://doi.org/10.1016/0006-8993(95)00210-H

17. Ryabinin, A.E., Criado, J.R., Henriksen, S.J., Bloom, F.E., 
Wilson, M.C. Differential sensitivity of c-Fos expression 
in hippocampus and other brain regions to moderate and 
low doses of alcohol. Mol Psychiatry 1997. 2: 32-43. 
https://doi.org/10.1038/sj.mp.4000206

18. Jamal, M., Ameno, K., Miki, T., Tanaka, N., Ono, 
J., Shirakami, G., Sultana, R., Yu, N., Kinoshita, H. 
High ethanol and acetaldehyde impair spatial memory 
in mouse models: opposite effects of aldehyde 
dehydrogenase 2 and apolipoprotein E on memory. 
Pharmacol Biochem Behav. 2012. 101:443-449. 
https://doi.org/10.1016/j.pbb.2012.02.006

19. Martin, S.J., Clark, R.E. The rodent 
hippocampus and spatial memory: from 
synapses to systems. Life Sci. 2007. 64:401-431. 
https://doi.org/10.1007/s00018-007-6336-3

20. Kitagawa, K., Kawamoto, T., Kunugita, N., Tsukiyama, 
T., Okamoto, K., Yoshida, A., Nakayama, K. Aldehyde 
dehydrogenase (ALDH) 2 associates with oxidation 
of methoxyacetaldehyde; in vitro analysis with liver 
subcellular fraction derived from human and Aldh2 
gene targeting mouse. FEBS Lett. 2000. 76:6306-6311. 
https://doi.org/10.1016/S0014-5793(00)01710-5

21. Hitzemann, B., and Hitzemann, R. Genetics 
ethanol and the Fos response: a comparison of 
the C57BL/6J and DBA/2J inbred mouse strains. 
Alcohol Clin Exp Res. 1997. 21:1497-507. 
https://doi.org/10.1111/j.1530-0277.1997.tb04482.x

22. Le, F., Wilce, P., Cassady, I., Hume, D., Shanley, 
B. Acute administration of ethanol suppresses 
pentylenetetrazole-induced c-fos expression in 
rat brain. Neurosci Lett. 1990. 120:271-274. 
https://doi.org/10.1016/0304-3940(90)90057-G

23. Ryabinin, A.E., Melia, K.R., Cole, M., Bloom, 
F.E., Wilson, M.C. Alcohol selectively 



89

Mostofa Jamal, Ayako Ito, Naoko Tanaka, Kiyoshi Ameno, Takanori Miki, Hiroshi Kinoshita

attenuates stress-induced c-fos expression in 
rat hippocampus. J Neurosci. 1995. 15:721-30. 
https://doi.org/10.1523/JNEUROSCI.15-01-00721.1995

24. Jamal, M., Ameno, K., Tanaka, N., Ito, A., Takakura, 
A., Kumihashi, M., Kinoshita, H. Ethanol and 
acetaldehyde after intraperitoneal administration 
to Aldh2-knockout mice-reflection in blood and 
brain levels. Neurochem Res. 2016. 41:1029-34. 
https://doi.org/10.1007/s11064-015-1788-6

25. Livy, D.J., Parnell, S.E., West, J.R. Blood ethanol 
concentration profiles: a comparison between 
rats and mice. Alcohol 2003. 29: 165-171. 
https://doi.org/10.1016/S0741-8329(03)00025-9

26. Balak, K.J., Keith, R.H., Felde, M.R. Genetic and 
developmental regulation of mouse liver alcohol 
dehydrogenase. J Biol Chem. 1982. 257:15000-15007.

27. Melia, K.R., Ryabinin, A.E., Corodimas, K.P., 
Wilson, M.C., Ledoux, J.E. Hippocampal-dependent 
learning and experience-dependent activation 
of the hippocampus are preferentially disrupted 
by ethanol. Neuroscience 1996. 74:313-22. 
https://doi.org/10.1016/0306-4522(96)00138-8

28. Ryabinin, A.E. Role of hippocampus in alcohol-
induced memory impairment: implications from 
behavioral and immediate early gene studies. 
Psychopharmacology (Berl). 1998. 139:34-43. 
https://doi.org/10.1007/s002130050687

29. Cao, J., Belluzzi, J.D., Loughlin, S.E., Keyler, D.E., Pentel, 
P.R., Leslie, F.M. Acetaldehyde, a major constituent of 
tobacco smoke, enhances behavioral, endocrine, and 
neuronal responses to nicotine in adolescent and adult 
rats. Neuropsychopharmacology 2007. 32: 2025-2035. 
https://doi.org/10.1038/sj.npp.1301327

30. Smith, E.R., Smedberg, J.L., Rula, M.E., Hamilton, 
T.C., Xu, X.X. Disassociation of MAPK activation 
and c-Fos expression in F9 embryonic carcinoma 
cells following retinoic acid-induced endoderm 
differentiation. J Biol Chem. 2001. 276:32094-32100. 
https://doi.org/10.1074/jbc.M105009200

31. Stachowiak, M.K., Sar, M., Tuominen, R.K., Jiang, 
H.K., An, S., Iadarola, M.J., Poisner, A.M., Hong, J.S. 
Stimulation of adrenal medullary cells in vivo and 
in vitro induces expression of c-fos proto-oncogene. 
Oncogene 1990. 5(1):69-73.

32. Karlsson, O. and Roman, E. Dose-dependent 
effects of alcohol administration on behavioral 
profiles in the MCSF test. Alcohol 2016. 50:51-56. 
https://doi.org/10.1016/j.alcohol.2015.10.003

33. Huang, Y.H., Cheng, C.Y., Hong, C.J., Tsai, S.J. Expression 
of c-Fos-like immunoreactivity in the brain of mice with 
learned helplessness. Neurosci Lett. 2004. 363:280-283. 
https://doi.org/10.1016/j.neulet.2004.04.011


