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Depression, a major contributor to the univer-
sal global burden of disease occurs both in children
as young as three years of age and in adults.
Depression which was ranked to be the fourth lead-
ing cause of disease in 2007, is projected-together
with ischaemic heart diseases and road traffic acci-
dents- to be one of the three major contributors to
the global disease by the year 2020 (1, 2).
Depression is also an important global public health
issue, because of the relatively high lifetime preva-
lence, association with substantial disability and its
comorbidity with chronic physical diseases such 
as stroke, diabetes, arthritis and multiple sclerosis
(2, 3).

The increase in the number of antidepressants,
unfortunately, does not correlate with the pharma-
cotherapy of depression and patients are often
refractory to treatment. The side effects associated
with antidepressant therapy which limit patientsí
adherence to therapy vary in intensity from mild to
moderate and include apathy, fatigue, sleep distur-

bances and cognitive impairment (4, 5). The need
for development of pharmacological agents with
minimal side effects cannot be overemphasized.

Biochemical studies have shown that brain
oxidative damage is involved in the pathogenesis of
depression. Antioxidant profiles of depressed
patients were demonstrated to be different from
those of healthy patients with significantly higher
lipid peroxidation products and lower levels of super-
oxide dismutase, glutathione, and catalase. Antide-
pressant agents were also reported to reverse the
increase in oxidative load associated with depressive
episodes (4, 6, 7).

Animal models continue to be important tools
for investigating possible causes and treatment for
human diseases, and several models of depression
have been proposed to evaluate potential antidepres-
sant effects of test compounds following acute and
chronic drug therapy (8, 9).The forced swim test
(FST) is the most widely used acute animal model
for antidepressant screening in many laboratories
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due to its advantages of being affordable, simple,
reliable and sensitive to a broad spectrum of clini-
cally effective antidepressants (10). The tail suspen-
sion test (TST), similar to the FST also detects a
broad spectrum of antidepressants and is often used
with the FST to obtain complementing or converg-
ing data (11, 12). The chronic unpredictable mild
stress (CUMS) model is a valid and widely used
chronic model of depression based on loss of
responsiveness to rewards by animals subjected to
varying schedule of minor stressors (13, 14). The
CUMS simulates both behavioral and biochemical
features of human depression such as anhedonia,
behavioral helplessness and increased production of
reactive oxygen species (5, 7, 15, 16)

Dimethyl fumarate (DMF) is a methyl ester of
fumaric acid which has been shown to possess
immunomodulatory, anti-inflammatory, antioxidant
and neuroprotective effects in the central nervous
system in both pre-clinical and clinical studies and is
currently used in the treatment of remitting, relaps-
ing multiple sclerosis (17-19). In in-vitro studies of
oxidative stress, DMF prevented oxidative damage
by up-regulating haem oxygenase-1 (HO-1) enzyme
(20); while in a murine models of intracerebral 
hemorrhage, treatment with DMF unregulated the
expression of phosphorylated nuclear factor ery-
throid-2 derived factor-2, HO-1, catalase and nicoti-
namide adenine dinucleotide phosphate quinone
oxidoreductase genes (19, 21).

Considering the role of DMF in oxidative
stress, this study was therefore carried out to inves-
tigate (i) antidepressant potential of DMF in acute
and chronic murine behavioral models of depression
(ii) antioxidant profile of mice subjected to FST,
TST, and CUMS and treated with DMF.

EXPERIMENTAL

Reagents/Chemicals

Dimethylsulphoxide (DMSO), dimethyl fuma-
rate, bovine serum albumin, thiobarbituric acid and
5,5í-dithiobis-(2-nitrobenzoic acid)were purchased
from Sigma Aldrich, St. Louis, USA. Sodium hydr-
oxide, hydrochloric acid, tris hydrochloride, sulpho-
salicylic acid, trichloroacetic acid, imipramine, 99%
chloroform, Greiss Reagent, sodium chloride, dis-
odium hydrogen phosphate and dihydrogen phos-
phate were purchased from JHD Chemicals, Guang-
dong, China.

Animals

Swiss albino male mice weighing 18-26 g pro-
cured from the University of Benin Animal House,

Benin City, Edo State, were used for the study. They
were kept in plastic cages at the Animal House of
the Department of Pharmacology and Toxicology,
University of Benin, Benin City. They were main-
tained under standard controlled environment and
were allowed free access to feed (Top feedsÆ

Growers Mash, Super-Deluxe Animal Feed Mills
Co. Ltd, Nigeria) and clean water ad libitum.
Handling of the animals was done according to stan-
dard protocols for the use of laboratory animals of
the National Institute of Health (22) and ethical
approval from the Institutional Ethics Committee
was obtained for the study (EC/FP/018/09). Efforts
were made to minimize suffering. Behavioral tests
were carried out between 9.00 to 17.00 hours daily
and separate groups of animals were used for the
neurobehavioral tests.

Evaluation of antidepressant activity of DMF

The study was carried out using acute and
chronic models of depression.

Acute study: forced swim test

The method of Porsolt et al. (23) with some
modifications was used. Twenty-four mice were
randomly distributed into four groups of six mice
per group. The first group which served as control
were given the vehicle (DMSO and distilled water)
orally; the second and third group received 50
mg/kg and 100 mg/kg of DMF orally respectively,
while the fourth group received the aqueous solution
of imipramine (15 mg/kg) intraperitoneally.

One hour post administration, each mouse was
placed in a transparent cylindrical container with a
diameter of 26.1 cm and height of 24.8 cm contain-
ing water at a depth of 15 cm and a temperature of
25OC for six minutes. The period of immobility in
the last four minutes of the experiment was cumula-
tively recorded by trained observers blinded to treat-
ment. After each test, the mice were properly dried
before they were returned to their home cages. A
mouse was judged to be immobile when it made
movements only necessary to keep its head above
water; the mice were subjected to a 15-minute train-
ing session under similar conditions, 24 hours
before the test. 

Twenty four hours after drug administration
and behavioral tests, animals were sacrificed under
chloroform anesthesia and whole brains carefully
isolated.

Tail suspension test

For the tail suspension test, twenty-four mice
were randomly divided into four groups. The control
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and standard drug treatment groups received the
vehicle (p.o.) and imipramine (15 mg/kg i.p.)
respectively; while test groups were treated with 50
and 100 mg/kg DMF p.o (11). One hour following
drug administration, each mouse was suspended
from the edge of a shelf 60 cm above a table top for
six minutes. The mice were suspended by adhesive
tape placed approximately 1 cm from the tip of the
tail. Periods of immobility were recorded by trained
observers blinded to treatment. 

Twenty-four hours after the TST, animals were
euthanized under chloroform anesthesia and whole
brains were carefully isolated.

Biochemical evaluation

Twenty-four hours after either after the FST or
TST, animals were anesthetized, euthanized and
brains carefully isolated. The brains were washed
with phosphate buffer (pH 7.4), homogenized, cen-
trifuged and supernatant layers collected and used
for biochemical assays. A separate group of mice
not subjected to either the FST, TST or drug admin-
istration were also sacrificed and the brains were
isolated for biochemical analysis.

Chronic study: chronic unpredictable mild stress

The Chronic unpredictable mild stress
(CUMS) protocol as described by Katz (13) and
Willner et al. (14) with some modifications was
used. Before the start of the study, animals were
placed on the rotarod (Ugobasile, Comerio Italy;
47600 V04) set at a constant speed of 20 rpm to
eliminate possible false negatives arising from
unhealthy or possibly neurologically impaired ani-
mals. Animals which fell off the horizontal bar in
less than 30 seconds were excluded from the study.
Animals were exposed daily to various unpre-
dictable stressors none of which was sufficient to
produce long-term effects (5).

Fifty-six mice randomly distributed into six
groups of nine animals each were subjected to the
following regimen:
Group I: Non-CUMS group
Group II: CUMS only
Group III: CUMS + Vehicle
Group IV: CUMS + DMF 50 mg/kg
Group V: CUMS + DMF 100 mg/kg
Group VI: CUMS + Imipramine 15 mg/kg.

The CUMS protocol was carried out for 4 suc-
cessive weeks and drug administration was done in
the last 2 weeks of the regimen. The CUMS proce-
dure consisted of exposure to wet beddings for 4
hours (2 times), exposure to wet beddings for 6
hours (once), exposure to foreign objects (once),

cage tilting at 45O for 4 hours (2 times), cage tilting
at 45O for 6 hours (3 times), food deprivation for 6
hours (once), food deprivation for 24 hours (3
times), water deprivation for 8 hours (once), water
deprivation for 24 hours (2 times), exposure to
Wister rats in a restrainer for 2 hours (once), isola-
tion for 24 hours (3 times), exposure to cages with
rat odour (once), exposure to cages with female
odour and beddings from female cages (once),
restraint for 2 hours (2times), 10 minutes shaker
stress (3 times), 5 minutes exposure to heat stress at
50O (once). The sequence and duration of stressors
mice were exposed to were varied daily in order to
reduce the levels of predictability. The CUMS pro-
tocol adopted is illustrated in Table 1. 

Table 1. Protocol of daily stressors and duration of
stressors in the CUMS.

Day Stressor Duration

1 Wet beddings 4 h

2 Foreign objects 2 h

3 Cage tilting at 45O 4 h

4 Food deprivation 6 h

5 Water deprivation 8 h

6 Wister rat exposure 2 h

7 Isolation 24 h

8 Food deprivation 24 h

9 Restraint 2 h

10 Shaker stress 10 min

11 Cages with rat odor 8 h

12 Cage tilting at 45O 4 h

13 Wet beddings 4 h

14 Water deprivation 24 h

15 Shaker stress 10 min

16 Cages with female beddings 8 h

17 Cage tilting at 45O 6 h

18 Isolation 24 h

19 Food deprivation 24 h

20 Heat Stress 10 min

21 Cage tilting at 45O 6 h

22 Water deprivation 24 h

23 Restraint 2 h

24 Shaker stress 10 min

25 Food deprivation 24 h

26 Isolation 24 h

27 Wet beddings 6 h

28 Cage tilting at 45O 6 h
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Thereafter, mice were subjected to neurobe-
havioral evaluations and sacrificed for isolation of
tissues.

Forced swim test

The forced swim test was carried out as previ-
ously described. Animals were placed in a transpar-
ent cylindrical container and allowed to swim for six
minutes. The period of immobility in the last four
minutes of the experiment was cumulatively record-
ed by observers blinded to treatment. The mice were
subjected to a 15-minute training session under sim-
ilar conditions, 24 hours before the test (23).

Sucrose preference test

The sucrose preference test (SPT) which is a
measure of anhedonia and is based on rodentsí
intrinsic love for sweet solutions was conducted in 3
phases as described by Willner et al. (24) and
Serchov et al. (25). In phase 1, the habituation
phase, tap water in the home cages was replaced
with 1% w/v sucrose solution for 24 hours. This was
followed by phase 2 in which each mouse was trans-
ferred to individual cages and given both tap water
and sucrose solution for 3 days to obtain sucrose
preference baseline. In the final phase, the sucrose
preference test, mice were given both 1% w/v solu-
tion and tap water for 24 hours. Volume of fluid
consumed (tap bottle or sucrose) was determined by
calculating the difference between the weight of the
bottle before and after exposure. The sucrose prefer-
ence was calculated using the formula 
% Preference = (sucrose intake/total intake) ∑ 100

Biochemical evaluation

Twenty four hours after the neurobehavioral
tests, animals were anesthetized with chloroform
and sacrificed, whole brains were isolated, washed
carefully, homogenized and centrifuged in phos-
phate buffer (pH 7.4) for 30 min at 12000 rpm.
Supernatant fractions were separated and used for
biochemical assays while the pellet fractions were
discarded.

Protein determination assay

Protein was measured in brain homogenate
using bovine serum albumin as standard according
to the method described by Lowry et al (26).

Estimation of brain catalase levels

Catalase levels in the brain was assayed fol-
lowing the method of Claiborne (27). Hydrogen per-
oxide (1 mL) was added to the assay mixture made
up of phosphate buffer (1.95 mL, pH 7.4) and brain

homogenate (0.05 mL) and changes in absorbance
were immediately recorded at 240 nm for each sam-
ple. Catalase levels obtained are expressed as micro-
moles of hydrogen peroxide consumed per minute
per milligram of protein.

Estimation of brain glutathione levels

Following the method of Ellman (28), 1 mL of
brain homogenate was added to 1 mL of 4%
sulphosalicylic acid and kept at 4OC for 1 hour. The
mixture was centrifuged for 15 minutes at 2000 rpm,
and supernatant layer separated. Phosphate buffer
(2.7 mL, pH 7.4) and 0.2 mL 5,5í-dithiobis (2-
nitrobenzoic acid) were added to 1 mL of the super-
natant and the resultant colour changes were meas-
ured at 412 nm.

Estimation of brain lipid peroxidation

Malondialdehyde content which a measure of
lipid peroxidation was estimated in the form of thio-
barbituric reactive acid substance according to the
method described by Wills (29). A mixture of brain
homogenate (0.5 mL) and tris hydrochloric acid (0.5
mL) was incubated at room temperature for 2 hours.
Trichloroacetic acid (1 mL, 10%) was then added
and the mixture was centrifuged at 1500 g for 10
minutes; the supernatant layers carefully separated.
To 1 mL of the resultant supernatant, an equal vol-
ume of thiobarbituric acid (1 mL) was added and the
mixture was boiled for 10 minutes and allowed to
cool. Distilled water (1 mL) was then added and the
absorbance changes were measured at a wavelength
of 532 nm using an ultraviolet/visible spectropho-
tometer. A calibration curve using malondialdehyde
was generated and the results obtained are expressed
as nanomoles of MDA per milligram of protein.

Estimation of Brain nitrite levels

Greiss reagent, an indicator of nitric oxide pro-
duction was used to determine nitrite levels accord-
ing to the protocol described by Green et al. (30). An
equal volume of Greiss reagent (500 µL) was added
to the 500 µL of brain homogenate and the mixture
was incubated in the dark for 10 minutes at room
temperature. Absorbance was measured at 546 nm
and nitrite levels obtained are expressed as micro-
mole per milligram of protein.

Statistical analysis

The results were analyzed for statistical signif-
icance using one-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls test
using SigmaÆ Stat version version 11.0. A difference
was considered significant at p < 0.05. The results
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are presented as a mean ± standard error of the mean
(SEM).

RESULTS

Evaluations after acute drug administration

Behavioral assays: forced swim and tail suspen-

sion tests

DMF significantly reduced periods of immo-
bility in the forced swim and tail suspension tests
following acute administration compared to the
vehicle-treated animals. Periods of immobility in
DMF treated animals were however not significant-
ly different from imipramine treated animals. Data
is presented in Figure 1A and B.

Biochemical assays

Following acute treatment, there was no signif-
icant difference in levels of catalase, GSH, TBARS
and nitrite levels across all the intervention groups.
Data is presented in Figure 2A-D.

Evaluations after chronicdrug administration

Behavioral assays

Data from the FST following CUMS and
chronic drug treatment are presented in Figure 3A.
There was an increase in periods of immobility in
the CUMS and vehicle-treated animals which was
significantly different from DMF, non-CUMS and
imipramine treated groups. There was, however, no
significant difference between DMF treated, non-
CUMS and imipramine treated animals.

Sucrose preference test

An increase in preference for sucrose solution
was observed high dose DMF (100 mg/kg) treated
animals, Imipramine and non-CUMS groups com-
pared to the CUMS and vehicle-treated animals.

Low dose DMF had an increase in sucrose con-
sumption but this failed to achieve significance
when compared to non-CUMS, Imipramine and
high dose DMF treatment groups (Fig. 3B).

Biochemical assays

Catalase levels

Levels of catalase enzymes in brains of mice
subjected to CUMS were significantly lower (p <
0.05) than those subjected to CUMS and treated with
2 dose levels of DMF and imipramine. Vehicle-treat-
ed animals showed no appreciable increase in cata-
lase levels. These results are presented in Figure 4A.

Glutathione levels

Animals subjected to CUMS protocol had signifi-
cantly lower levels of GSH compared to the non-
CUMS groups. Chronic treatment with imipramine
and DMF reversed this decrease (Fig. 4B).

Lipid peroxidation

Levels of MDA- a lipid peroxidation product
measured in form of TBARS- were different in the
various intervention groups. Treatment with imipra-
mine reduced the activity of a thiobarbituric reactive
acid substance in brain homogenates of animals sub-
jected to imipramine following the CUMS protocol.
This was not significantly different from both doses
of DMF and non-CUMS treated groups but signifi-
cantly different from vehicle and CUMS animals.
Data is shown in Figure 4C.

Nitrite levels

Nitrite levels in DMF and Imipramine groups
were lower than those of vehicle and non-CUMS
groups, no significant difference was observed
between the various intervention groups and non-
CUMS animals (Fig. 4D).

Figure 1. Statistical analysis of periods of immobility in the forced swim test (A) and tail suspension test (B) following treatment with
DMF. DMF reduced periods of immobility in both tests. Data is expressed as mean ± SEM. *p < 0.05 compared to the vehicle, @p < 0.05
compared to imipramine; n = 6 per group
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DISCUSSION AND CONCLUSION

In this study, treatment with DMF:
(i) reduced periods of immobility in the FST and
TST but did not affect nitrite levels, catalase, GSH
and TBARS following acute drug treatment 
(ii) reduced periods of immobility in the FST post-
exposure to CUMS and chronic drug treatment 
(iii) increased levels of sucrose consumption post-
exposure to CUMS and chronic drug treatment 
(iv) increased catalase and GSH levels but decreased
TBARS and nitrite levels in brains of mice exposed
to CUMS and treated with DMF .

The forced swim test is based on the fact that
animals develop immobile postures when placed in
an inescapable cylinder of water, and this immobili-
ty simulates clinical depression. Clinically useful
antidepressants have been found to reduce periods
of immobility and increase escape-directed beha-
viors such as vigorous activity and climbing (10,
12). The tail suspension test also produces immobil-
ity in rodents subjected to this form of stress and
antidepressants decrease the immobility displayed
by mice after unsuccessful attempts to escape (11,
31). In this study, treatment with DMF decreased
periods of immobility in both models of depression
indicative of antidepressant activity. No changes
were observed in levels of both antioxidant and
prooxidant biomarkers in this study following acute
drug administration; we speculate that the effect of
DMF in ameliorating depression in acute murine

models might be independent of itsí antioxidant
activity. Further studies will be required to refute or
validate this hypothesis.

The antidepressant activity of DMF was also
evaluated in the chronic murine model of depression
using the chronic unpredictable mild stress protocol
as clinical management of depression requires
chronic therapy. The CUMS being one of the most
widely used tools for studying depression has been
demonstrated to have a high predictive and construct
validity prerequisites for valid animal models of
psychiatric disorders (32). Exposure to uncontrol-
lable and unpredictable stressors, which are insuffi-
cient to produce mortality, produce a state of depres-
sion in rodents similar to stress-induced clinical
depression in humans (33, 34). The FST which is
useful for evaluation of antidepressant activity fol-
lowing acute drug treatment is also widely used in
neurobehavioral evaluation of chronic stress-
induced depression in rodents (35). In this study,
mice subjected to CUMS showed longer periods of
immobility in the FST characteristic of behavioral
despair and depression. This is similar to previous
studies where stress-induced anhedonia was consis-
tent with decrease in latency and duration of immo-
bility in the FST (5, 36-39). Similar to what was
observed in the acute study, low and high doses of
DMF decreased periods of immobility in the forced
swim test. 

The sucrose preference test is also useful for
evaluating chronic stress-induced neurobehavioral

Figure 2. Statistical analysis of levels of catalase (A), Glutathione (B), thiobarbituric reactive substance (C) and nitrite levels (D) in mice
following acute treatment with DMF. Acute drug treatment with DMF did not alter brain levels of antioxidant enzymes. Data is expressed
as mean ± SEM. NS means not significant; n = 6 per group
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Figure 3. Statistical analysis of periods of immobility in the forced swim test (A), percentage sucrose preference (B) following exposure
to chronic unpredictable mild stress and drug treatment. Administration of DMF reduced periods of immobility in the forced swim. High
dose (100 mg/kg) of DMF increased sucrose consumption. Data is expressed as mean ± SEM. *p < 0.05 compared to the vehicle, # p <
0.05 compared to CUMS group, ~ compared to DMF 100 mg/kg; n = 8 per group

Figure 4. Statistical analysis of levels of catalase (A), Glutathione (B), TBARS (C) and nitrite levels (D) in mice following exposure to
chronic mild unpredictable stress and drug treatment. DMF increased brain catalase and GSH levels but reduced levels of TBARS and
nitrite in test subjects. Data is expressed as mean ± SEM. *p < 0.05 compared to the vehicle, # p < 0.05 compared to CUMS group; n = 8
per group

deficits in rodents and it is based on rodents inherent
interest in sweet foods or solutions. Reduced prefer-
ence of sweet solutions in the SPT represents anhe-
donia, one of the major symptoms of depression,
and chronic but not acute treatment with antidepres-
sants reverses this behavior (24, 25, 32). Loss of
pleasure, one of the cardinal signs of depression, is
thought to be due to damage to dopaminergic and
serotonergic neurons involved in the brain reward
system. In a comprehensive review, Pizzagalli pro-
vided evidence showing that anhedonic stress
behavior could be due to dysfunctional mesolimbic
dopaminergic pathways involved in incentive moti-
vation and reinforcement learning (40). Exposure to
the CUMS protocol reduced the percentage of
sucrose preference which was attenuated by high
dose DMF (100 mg/kg) and imipramine. Katz, (13)

and Willner et al. (24) demonstrated the ability of
antidepressants to reverse CUMS induced anhedo-
nia and consequent reduction in sucrose intake.
Whether DMF interacts with dopaminergic recep-
tors and/or dopaminergic pathways in the CNS is a
hypothesis that would require further investigation.

The presence of reactive oxygen species and
oxidative stress leading oxidative brain damage is
implicated in the pathophysiology of depression;
indeed elevated oxidative stress biomarkers were
found in brains of depressed patients (16). To inves-
tigate the role of DMF in the antioxidant defense
mechanism of CUMS induced depression, catalase,
GSH, TBARS and nitrite levels were evaluated in
brains of mice. Exposure of mice to 4 weeks of
CUMS brought about an increase pro-oxidative bio-
markers (TBARS and nitrite levels) and a reduction
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in brain antioxidant biomarkers (catalase and GSH)
which correlated with increased periods of immobil-
ity in the FST and reduction in sucrose intake.
Chronic treatment with both doses of DMF reversed
the CUMS induced increase of TBARS and nitrite
levels while augmenting catalase and GSH levels in
the brain. Results obtained correlate with those of
Grases et al., (41) and Foyet et al., (42) who demon-
strated beneficial effects of reduction in oxidative
stress in both clinical and preclinical settings of
depression and neuropsychiatric disorders.

Despite the findings obtained, this study has
some limitations which the authors hope to address
in future research experiments:
(i) due to technical limitations, it was not possible to
isolate the hippocampus, hence the entire brains
were used for the biochemical assays
(ii) other biochemical assays for specific protein
biomarkers such as Western blotting and immuno-
histochemistry which would have further validated
some of the results obtained in this study and pro-
vided possible mechanisms of action for the effect
of DMF in ameliorating depression were also not
undertaken.

In summary, DMF attenuated behavioral
despair in both acute and chronic models of depres-
sion and modified levels of oxidant enzymes in
favor of protective antioxidants enzymes in the
brains of mice subjected to chronic stress protocols
and may be a potential candidate for antidepressant
therapy.
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