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the extension of a new rat model of depression, repeated open-space swimming,
which overcomes drawbacks of existing models, to mice. Mice were swum for 15 min daily in a large tank of
tepid water for 4 days and thereafter at 4 day intervals for a period of 3 weeks. Some of the animals were
provided with an active coping (escape) response. Variables measured included time floating, distance
swum, immobility on a subsequent tail-suspension test, sucrose preference and brain cell proliferation (Ki67
immunohistochemistry) as well as responses to 2 antidepressant drugs, desmethylimipramine and
fluoxetine, and 2 non-antidepressant drugs, haloperidol and diazepam. The repeated swims were found to
increase time floating and tail-suspension immobility and to decrease distance swum, sucrose preference
and brain cell proliferation. Both chronic antidepressant drugs as well as the active coping response
attenuated the increased time floating while neither of the non-antidepressant drugs had this effect. The
distance swum measure was found to be more variable. Chronic fluoxetine also reversed the increased tail-
suspension immobility, reduced sucrose preference and reduced brain cell proliferation caused by the model.
It is concluded that repeated open-space swim represents a useful new model of depression in the mouse.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Numerous animal models of depression are currently available to
investigators (Borsini and Meli, 1988; Cryan et al., 2005b). However,
virtually all have significant drawbacks. The popular forced swim and
tail-suspension tests, while predictive of antidepressant activity, are
unlike human depression in that they respond to acute administration
of antidepressants (Cryan et al., 2005a). The commonly used learned
helplessness and chronic mild stress models, also predictive of anti-
depressant activity, utilize severe stress or require a lengthy treatment
time (4 weeks). Furthermore, the chronic mild stress model can be
difficult to administer in a reliable fashion (Dalvi and Lucki, 1999).

It would be useful to have a mild and relatively rapid procedure
that is simple to administer for reliably inducing prolonged depressive
behavior. A variant of the forced swimmodel that has been developed
by Sun and Alkon (2003, 2004) may have these characteristics. The
latter authors utilized a modification of the Porsolt forced swim
procedure inwhich rats are swum initially 3 times for 15min/day on 3
consecutive days in a large tank of water and thereafter are given
15 min tests in the form of maintenance swims at weekly intervals for
up to 1 month. This procedure produces a progressive reduction in
distance swum and a corresponding increase in time floating that
persists unchanged for at least 1 month. The open-space procedure
has a number of advantages over the original forced swim method in
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that a) it permits amore objectivemeasure of immobility fromreduced
distance swum; b) it permits tracking the development of inactivity
over a series of swim sessions which allows time course studies of
acquisition; c) the long-lasting reduction of active swimming is more
amenable to analysis of the chronic effects of antidepressants, and, is
sensitive to chronic but not acute administration of antidepressants
(Sun and Alkon, 2003, 2004), and d) the method can readily detect the
antidepressant effects of serotonin-selective reuptake inhibitors (Sun
and Alkon, 2003) which had been problematic for the original Porsolt
test (Lucki et al., 2001; Bourin et al., 1996; Borsini and Meli, 1988). The
modified model may also have advantages over the chronic mild
stress model in that it is more rapidly acting (1–2 weeks versus
4 weeks), is simpler to administer and is milder and shorter than
most of the stressors involved in the chronic mild stress procedure.

Since mice are increasingly used as subjects in depression research
and can be swum in smaller open-space tanks such as rat tub cages we
attempted to replicate the open-space model in this species. Because
of their smaller bodies and greater susceptibility to hypothermia than
rats, we utilized tepid water (31–33 °C) for all swims which also
reduced the physiological stressfulness of the procedure. We also
chose to use an outbred strain, Swiss Webster, that is likely to yield
results that are generalizable to a broad range of other mouse strains.

To produce chronic immobility, we adapted Sun and Alkon's pro-
cedure of swimming the animals on 4 consecutive days the first week
and thereafter at approximate 4 day intervals for the following
2 weeks. The repeated swims served both as behavioral tests and to
maintain the chronic depressive state. In a previous study using this
procedure we had found that mice, like rats, show a progressive
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decline in swimming activity over the first 3 swims and respond to
antidepressant therapy given prior to the swims (Stone et al., 2007). In
the present study we further evaluated the model by determining if it
increased immobility in the tail-suspension test, produced anhedonia
(reduction in sucrose preference) and reduced brain cell proliferation
rate, three additional signs of depression in rodents. We also mea-
sured its sensitivity to reversal after the initial swims by two effective
antidepressants representing a norepinephrine-selective (desmethy-
limipramine) and serotonin-selective reuptake inhibitor (SSRI) (fluox-
etine) and by the availability of a coping response (escape from the
tank) as well as its specificity for antidepressants by testing whether
two non-antidepressants (haloperidol and diazepam) were without
effect. Since drugs have relatively short half lives in mice, to more
closely mimic the human condition in which blood levels are main-
tained for prolonged periods, all agents were administered by osmotic
minipump. This also avoided repeated injections of the animals which
are stressful for mice. We now report that the repeated open-space
swimmethod produces a number of positive signs of depression in the
mouse and is likely to yield an improved model in this species.

2. Methods

2.1. Subjects

Swiss Webster male mice, 8–10 weeks old, were subjects. Because
the animals were to be implanted with minipumps, all mice were
housed singly for the duration of the experiment (3 weeks). Single
housing in male Swiss Webster mice is known not to induce be-
havioral depression in the forced swim test (Hilakivi et al., 1989; Brain,
1975). Furthermore pilot studies in our laboratory have failed to show
an effect of intermittent social stimulation by female mice (3 h/week)
on the response of isolated males to repeated swims. Standard mouse
cages with nesting material were maintained at a room temperature
of 22±1 °C under a 12 h light/dark cycle (lights on 0500 h). Food and
water were available ad libitum. All experiments were conducted in
accordance with the National Research Council Guide for the Care and
Use of Laboratory Animals (1996) and were approved by the New York
University School of Medicine IUCAC.

2.2. Swim procedure

Swimming was carried out in rat tub cages (24×43×23 cm,
w×h× l) filled with 13 cm high tepid tap water (31–33 °C). Mice were
handled on day 1 (Monday), swum individually for 15–20 min/day on
4 consecutive days (Tuesday–Friday, Days 2–5) and then at approx-
imate 4 day intervals until 3 weeks had passed (Days 8, 11, 15, 19, 22).
When drugs were administered the schedule was slightly altered so
that the animals were implanted on Day 8 and then swum on Days 10,
15, 18, 22 (Post drug days 2, 7, 10, 14). All swims were videotaped from
above. No special procedures were used to dry or warm the animals
as they rapidly dried themselves with no observable episodes of
shivering. Because of the large volumes of water used (13.4 l), the
water was not changed until 4 mice had swum except to maintain the
tepid temperature.

2.3. Drug studies

Osmotic minipumps delivering 6 µl/24 h for 14 days were used
(Alzet, #1002). Desmethylimipramine (DMI) was dissolved in saline
at a concentration designed to give a dose of 10–11.5 mg/kg/day in a
35–40 g mouse (66.6 mg/ml). Fluoxetine was dissolved at the same
concentration in a vehicle of 50% dimethylsulfoxide (DMSO)/H2O to
give the samedosagewhile halodoperidolwas dissolved in 25%DMSO/
H2O to yield a dose of 0.3–0.34 mg/kg/day (2 mg/ml) and diazepam
in 100% DMSO to yield a dose of 1–1.1 mg/kg/day (6.66 mg/ml). Pilot
experiments indicated that the drugs useddidnot producemore than a
5% change in bodyweight over the 2week treatment period. The doses
were chosen on the basis of previous experiments showing acute
antidepressant effects of DMI and fluoxetine (Cryan et al., 2004), an
acute anti-conditioned avoidance response effect of haloperidol
(Arenas et al., 1999) and an acute anxiolytic effect of diazepam (Cole
and Rodgers, 1995) at the above doses.

Vehicle treated animals received pumps containing either saline,
25, 50% or 100% DMSO. Pumps were implanted subcutaneously and
stitched closed between the scapulae in Nembutal anesthetized mice
(60 mg/kg, i.p.) after the animals had been matched on time floating
scores (fourth swim) into vehicle and drug groups.

Two separate drug experiments were run, one for the antidepres-
sants and the other for the non-antidepressant drugs. The antide-
pressant experiment comprised three groups of 6 animals each and
consisted of a DMI, fluoxetine and vehicle group (half with each of the
vehicles for DMI and fluoxetine). The non-antidepressant experiment
comprised three groups of 6 animals each for a haloperidol, diazepam
and vehicle group (combined vehicles for haloperidol, diazepam).

2.4. Behavioral measures and procedures

2.4.1. Swimming behaviors
Videotapes were rated for Time floating (drifting with no

observable movements of the limbs or tail) and Distance swum
(number of tank quadrants entered) by an observer unaware of the
animals' treatments.

2.4.2. Tail-suspension test
Animalswere randomly assigned to four groups comprising a 1) non-

swum-vehicle, 2) swum-vehicle, 3)non-swum-fluoxetine, and4) swum-
fluoxetine. Animals from the swum groups were swum on days 2, 3, 4
and at approximate 4 day intervals up to the 18th day of the experiment.
Pumps containingvehicle orfluoxetine at the above concentrationswere
implanted onDay 7. OnDay 18 (24 h after the last swim)each animalwas
individually taped by the tail 72 cm above a platform for 6 min during
which time it was videotaped. Tapes were subsequently rated for Time
immobile during the last 4min of the test by an observer unaware of the
animals' treatments.

2.4.3. Sucrose preference test
All animals were first familiarized with 1% sucrose solution in tap

water placed on the cages for 72 h together with water bottles. The
animalswere then randomlyassigned to oneof four groups: non-swum-
vehicle, non-swum fluoxetine, swum-vehicle, and swum-fluoxetine.
The swum animalswere subjected to forced swimming on days 2–4 and
thereafter at approximate 4 day intervals. After the 3rd swim the
animals were implanted with minipumps containing either vehicle or
fluoxetine at the above concentrations. Nightly sucrose and water
consumption was then measured on Days 4, 8, 11 and 15 of the pro-
cedure. Sucrose preference scores were calculated from the sucrose
intakes divided by the combined sucrose plus water intakes.

2.4.4. Brain cell proliferation
At 24 h after the tail-suspension tests, the four groups of animals

used in the above experiment were terminally anesthetized with halo-
thane plus urethane (2 g/kg, i.p.) and perfused intracardially with 25ml
normal saline followed by 45 ml of 4% paraformaldehyde. Brains were
postfixed for 24 h and then submerged in 30% sucrose for 48 h prior
to sectioning. Frozen brains were sectioned at 35 μm on a cryostat.
Sections were then blocked with 4% normal goat serum and incubated
with primary antibody (rabbit anti-Ki67, Vector Laboratories, 1:1000)
overnight followed by application of a secondary biotinylated anti-
body (goat-anti-rabbit) and avidin–biotin–peroxidase complex. Color
was developed with diaminobenzidine intensified by nickel.

Ki67 positive cells were counted in the wall of the lateral cerebral
ventricle with a profile method using ImageJ (NIH) at two planes
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corresponding approximately to −1.82 and −2.06 mm Bregma. To
minimize sampling bias the entire length of the wall of the lateral
ventricle was outlined in these sections and counted for every positive
cell. The two sections were chosen at random from a larger set of
adequately stained sections at these planes.

2.5. Effect of an active coping response

Mice were randomly assigned to two groups, a passive swum and
active coping swum group. Both groups were swum 5, 10, 15, 15 and
15 min on Days 1,2,3,4 and 5 of the procedure with the difference
being that the passive swum group was not given an active escape
response but was simply picked up from the pool by the tail as in the
standard procedure whereas the active escape group was presented
with a platform (inverted flower pot) at the end of the swim onto
which they readily learned to climb. On the last day all animals were
videotaped and rated for distance swum and time floating over the
15 min swim as above.

2.5.1. Drugs used
Desmethylimipramine HCl, fluoxetine, haloperidol and diazepam

were obtained from RBI.

2.5.2. Statistics
Distance swum and Time floating measures in the antidepressant

and non-antidepressant studies were analyzed by two-way (Drug×-
Day) ANOVAs for repeated measures on the Day variable using
Bonferroni-corrections for twomean comparisons. Sucrose preference
data was analyzed by a 3-way (Swim×Drug×Day) ANOVA with
repeated measures on the Day variable. Tail-suspension and cell
proliferation data were analyzed by two-way (Swim×Drug) factorial
ANOVAs.
Fig. 1. Effect of antidepressants (A, B) and non-antidepressants (C, D) on Time floating (immo
swum mice. DMI (desmethylimipramine, 10 mg/kg); fluox (fluoxetine, 10 mg/kg); hal (halop
drug test, implanted with drug-containing osmotic minipumps and then swum on post-d
⁎pb0.02 versus vehicle group by ANOVA.
3. Results

3.1. Effects of antidepressants

We replicated our earlier findings showing a progressive increase
in Time floating and a corresponding decrease in Distance swum over
the first 3–4 swims (data not shown). The effects of antidepressant
drug treatment begun after week 1 are shown in Fig. 1A and B. Pre-
drug values in this figure represent the scores on the fourth swim
when the animals had become inactive. As there was no significant
difference between the two types of vehicle used in this experiment,
these groups have been combined into a single vehicle group. As can
be seen from the figure both chronic antidepressants gradually
reduced Time floating but had variable effects on Distance swum.
For the Time floating data, there was no significant main effect of Drug
(F2,15=2.50, pN0.1) but there was a highly significant Drug×Day
interaction (F6,45=4.41, pb0.002). Bonferroni-corrected planned com-
parisons of the groups on the 2nd and 14th days of treatment showed
that neither drug was effective on day 2 (DMI F1,15=0.08, NS;
fluoxetine, F1,15=2.71, NS) but both significantly reduced floating on
Day 14 (DMI, F1,15=16.55, pb0.01; fluoxetine, F1,15=12.39, pb0.02).
The final reductions amounted to drops of 64.0% for DMI and 55.7% for
fluoxetine. For Distance swum, there was no significant effect of Drug
or significant Drug×Day interaction.

3.2. Effect of Non-antidepressants

The effects of haloperidol and diazepam on Time floating and
Distance swum are shown in Fig. 1C and D. The same analyses applied
to the non-antidepressants failed to show either a significant main
effect of Drug (Time floating, F2,15 =0.26, NS; Distance swum,
F2,15=1.48, NS), interaction of Drug×Day (Time floating, F6,45=0.64,
bility, A, C) and Distance swum (number of tank quadrants entered, B, D) in repeatedly
eridol, 0.3 mg/kg); diaz (diazepam, 1 mg/kg). Mice had been swum 3 times prior to pre-
rug implantation days as indicated. Means and SEMs are shown for N=6 mice/group.



Fig. 4. Effect of repeated swim and fluoxetine treatment on number of Ki67 positive cells
in the wall of the lateral ventricle at the level of the hippocampus. For abbreviations see
legend to Fig. 2. N=5 mice/group. ⁎pb0.05 versus VC.

Fig. 2. Effect of repeated swim procedure with or without chronic fluoxetine treatment
on immobility in the tail-suspension test. N=5–6/group. VC, vehicle-control; VS,
vehicle-swum; FC, fluoxetine-control; FS, fluoxetine-swum. ⁎pb0.05 versus VC.
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NS; Distance swum, F6,45=0.79, NS) or significant difference between
either of the drug groups and vehicle for Day 14 floating (Hal,
F1,15=0.97, pN0.1: Diaz, F1,15=0.1, pN0.1) or distance scores (Hal,
F1,15=0.90, pN0.1: Diaz, F1,15=0.26, pN0.1).

3.3. Effect on tail-suspension test

The effects of the swim procedure with and without fluoxetine
treatment on immobility in the tail-suspension test are shown in Fig. 2.
ANOVA revealed a significant effect of Drug (F1,24=5.57, pb0.05) but no
significant overall effect of the swim procedure or significant Swim×
Drug interaction. However, individual planned comparisons revealed
a significant increase in immobility in the swum versus non-swum
animals in the vehicle condition (F1,24=3.53, p=0.05) but no difference
between these groups in the fluoxetine condition (F1,24=0.07, NS).

3.4. Effect on sucrose preference

The effect of the swim procedure with and without fluoxetine treat-
ment on sucrose preference between days 6 and 18 is shown in Fig. 3. A
three-way (Swim×Fluoxetine×Day) ANOVA for repeated measures on
the Day variable revealed a marked and significant reducing effect of
fluoxetine (F1,16=23.02, pb0.001) and a significant Swim×Fluoxetine
interaction (F1,16=15.36, pb0.002). There were no significant interac-
tions of these variables with Day of experiment. A planned compa-
rison revealed that the swim procedure in the vehicle-treated animals
produced a significant reduction of overall sucrose preference (averaged
across all days) (F118=4.66, pb0.05) although the effect was small and
the two groups were not significantly different on any individual day. In
the swum groups, fluoxetine treatment reversed this overall reduction
and produced a significant increase compared to vehicle (F1,18=5.37,
pb0.05).
Fig. 3. Effect of repeated swim and fluoxetine treatment on sucrose preference tests on
days indicated. N=5–6/group. For statistics see text.
3.5. Effect on brain cell proliferation

The effect of the swim procedure in the presence and absence of
fluoxetine treatment on the number of Ki67 positive cells in thewall of
the lateral cerebral ventricle is shown in Fig. 4. ANOVA revealed a
significant main effect for fluoxetine (F1,20=20.36, pb0.001) with no
significant main effect of the swim procedure or significant swim×
drug interaction. However, planned comparisons revealed a signifi-
cant reduction in the swum versus non-swum animals of the vehicle
(F1,20=5.40, pb0.05) but not fluoxetine condition.

3.6. Effect of active coping response

The effect of an active escape coping response on the distance swum
and time floating is shown in Fig. 5. The active coping response sig-
nificantly increased distance swum (t14=2.55, pb0.05) and produced a
Fig. 5. Effect of an active escape coping response on the development of depressed
behavior in repeatedly swum animals. N=8 mice/group. ⁎⁎pb0.05, ⁎=0.09 versus
passive group.
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borderline reduction in timefloating (t14=1.82,p=0.09) compared to the
passive condition.

4. Discussion

The present results togetherwith our previous findings extend Sun
and Alkon's findings in rats tomice. Like rats, mice showa progressive,
marked diminution of active swimming and a corresponding increase
in floating behavior with repeated open-space swims that persists for
several weeks with occasionally repeated swims. Moreover, like rats,
the increased inactivity was reversed selectively by antidepressant
drugs in that DMI and fluoxetine, a tricyclic and an SSRI, inhibited the
increased floating behavior whereas haloperidol and diazepam, an
antipsychotic and an anxiolytic, failed to have this effect. Although
only one dose was used for each of the non-antidepressants, num-
erous previous studies have shown that the doses employed have
effective anti-anxiety (diazepam) and anti-conditioned avoidance
response (haloperidol) effects in this species (cited above). Moreover
the effects of the antidepressants were found when the drugs were
administered after the onset of depressive behavior and with chronic
and not acute administration. Sun and Alkon (2003, 2004) have shown
in rats that the antidepressants imipramine (non-specific tricyclic),
mianserin (atypical), alaprocate (SSRI), and iproniazid (monoamine
oxidase inhibitor) were effective with chronic administration in the
open-space swim model whereas the anxiolytic, buspirone, was not.

Unlike rats, themeasure that provedmost effective in revealing the
difference between antidepressants and non-antidepressants was
floating behavior. Distance swum, although it was affected in the same
antidepressant direction as floating, tended to be much more variable
in this species. This is in agreement with the common usage of im-
mobility rather than active swimming as the target behavior in the
classical Porsolt forced swim test for both mice and rats (Porsolt et al.,
1977).

Further evidence for a depressing effect of repeated open-space
swimming came from the tail-suspension and sucrose preference tests
and themeasure of brain cell proliferation.Mice subjected to 1–2weeks
of this procedurewere found to showahigher level of immobility on the
tail-suspension test, a lower preference for sucrose solution, and a
reduced expression of Ki67, a marker of brain cell proliferation. These
signs are known to be characteristic of rodent models of depression.
Moreover, each of these effects was reversed by chronic treatment with
fluoxetine. Although it may be argued that the reduced preference for
sucrose and reduced cell proliferation are the results of non-specific
stress (Rosenbrock et al., 2005), the present study and numerous
previous studies have shown that they are reversed by treatment with
antidepressant agents (Cryanet al., 2005a; Chen et al., 2006;Dumanand
Monteggia, 2006; Bekris et al., 2005; Casorotto and Andreatini, in press;
Grippo et al., 2007) and therefore are likely to be related to the de-
pressive effects of the stressors. It should be noted that fluoxetine
administration, while it reversed the swim-induced reduction, pro-
duced amarked and significant reduction in sucrose preference by itself.
This effect has been noted by others and may be related to the initial
anorexic effects of the drug (Sammut et al., 2002).

In addition to these similarities, the repeated open-space swim
model also appears to possess construct validity in that it has been
found to produce changes in central neural activity that are similar to
those occurring in human depression and that have been postulated
as underlying depressive behavior. Thus we have shown that the
increased fos expression in a number of brain regions involved in
approach and active coping behavior (secondary motor cortex,
piriform cortex, posterior cingulate gyrus, nucleus accumbens) in
response to a challenge swim is significantly attenuated in repeatedly
swum animals. However the same response in a brain region involved
in stress responses (paraventricular nucleus of hypothalamus) is
relatively unchanged (Stone et al., 2007). This same neural pattern,
which was shown to be prevented by prior antidepressant treatment,
has been found in 4 other mouse models of depression involving
either chronic subordination stress, intraventricular galanin injection,
lipopolysaccharide or reserpine administration. A similar shift of
neural activity away from brain regions involved in positively mo-
tivated, executive behavior toward regions associated with emotional
stress has been observed in numerous neuroimaging studies of human
depression and has been postulated to be the final common neural
pathway for this disorder (Mayberg, 2007; Drevets, 2001; Stone et al.,
2008).

An argument that has been proferred against the use of repeated
swims as a model of depression asserts that the progressive inactivity
of rodents in this test is simply a learned adaptive passive coping
response which may not represent true depression in which coping
responses are minimal or absent. However, it should be noted that
passive responding, whether learned or unconditioned, is, in many
situations, stressful to both humans and animals and is accompanied
by activation of the paraventricular nucleus of the hypothalamus
(Matsuda et al., 1996; Stone et al., 2007; Guzman et al., 1989) and an
elevated rate of depression (Mercado et al., 2005). In support of this
notion, the present study showed that if mice were permitted to learn
an active coping (escape) response in the form of climbing on a
presented platform at the end of each swim they developed much less
depressive behavior in terms of both distance swum and time floating.
Similar results have been found in the Morris water maze with rats
during extinction of a previously learned spatial response (Schulz
et al., 2007). As active coping responses are known to ameliorate
depression (Wagner et al., 1977), it is reasonable to propose that the
forced passivity as a result of repeated open-space swimming with no
possibility of active escape may be sufficient to induce a state of de-
pression in mice and rats.
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