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Abstract Methamphetamine (METH) is a psychostimulant
and drug of abuse, commonly used early in life, including
in childhood and adolescence. Adverse effects include psy-
chosis, anxiety and mood disorders, as well as increased
risk of developing a mental disorder later in life. The
current study investigated the long-term effects of chronic
METH exposure during pre-adolescence in stress-sensitive
Flinders Sensitive Line (FSL) rats (genetic model of depression)
and control Flinders Resistant Line (FRL) rats. METH or vehi-
cle control was administered twice daily from post-natal day 19
(PostND19) to PostND34, followed by behavioural testing at
either PostND35 (early effects) or long-lasting after withdrawal
at PostND60 (early adulthood). Animals were evaluated for
depressive-like behaviour, locomotor activity, social interaction
and object recognitionmemory.METH reduced depressive-like
behaviour in both FSL and FRL rats at PostND35, but enhanced
this behaviour at PostND60. METH also reduced locomotor
activity on PostND35 in both FSL and FRL rats, but without
effect at PostND60. Furthermore, METH significantly lowered
social interaction behaviour (staying together) in both FRL and
FSL rats at PostND35 and PostND60, whereas self-grooming
time was significantly reduced only at PostND35. METH treat-
ment enhanced exploration of the familiar vs. novel object in the
novel object recognition test (nORT) in FSL and FRL rats on

PostND35 and PostND60, indicative of reduced cognitive per-
formance. Thus, early-life METH exposure induce social and
cognitive deficits. Lastly, early-life exposure to METH may
result in acute antidepressant-like effects immediately after
chronic exposure, whereas long-term effects after withdrawal
are depressogenic. Data also supports a role for genetic predis-
position as with FSL rats.
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Introduction

Methamphetamine (METH), a derivative of amphetamine, is
a highly addictive synthetic psychostimulant, mostly abused
for recreational purposes. In fact, it has been considered the
second most popular illicit drug world-wide (Cruickshank
and Dyer 2009), with an estimated excess of 35 million
people regularly abusing METH (Vos et al. 2010; Mehrjerdi
et al. 2014). Contributing to this growing global epidemic
(Cruickshank and Dyer 2009; Yamamoto et al. 2010), METH
can be easily synthesized at low cost using house-hold
chemicals and over the counter drugs.

Following an initial phase of psychostimulation, METH
produces a unique pseudodepressive state due to its ability
to directly affect monoamine regulation. Symptoms include
anhedonia, fatigue, sleep disturbances, loss of appetite,
lack of motivation, irritability and poor concentration, thus
relating to many features of major depressive disorder
(MDD) (McKetin et al. 2011). Furthermore, early-life expo-
sure to adverse environmental factors, including drug abuse,
has been shown to be strongly associated with the develop-
ment of behavioural abnormalities, neuropsychiatric disease
and neurodegenerative disease later in life (Strauss et al. 2014;
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Modgil et al. 2014). Data suggest that continued and repeated
exposure to psychostimulants leads to sensitisation of
reward and psychomotor effects, most likely resulting
from neurobiological changes, particularly in the mesolimbic
dopamine (DA) system. These changes are long-lasting,
including alterations in gene transcription, RNA and
protein synthesis and modifications of neuron morphology
(Achat-Mendes et al. 2003).

It has been documented that early-life (pre-adolescent and
adolescent) exposure to psychostimulants impairs neural plas-
ticity and is associated with an eventual decrease in the re-
warding effect of drug abuse (Achat-Mendes et al. 2003),
whereas prenatal exposure to METH results in sustained def-
icits in attention, long-term spatial and verbal memory as well
as visual motor integration during neurocognitive testing
(Thompson et al. 2009). An array of evidence thus demon-
strates that early life adversity contributes significantly to the
susceptibility of adulthood psychopathology, medical ill-
nesses (such as depression), and maladaptive psychosocial
functioning (Koehler 2006) as well as altered hippocampal
plasticity (Ansorge et al. 2007).

METH also impairs novel location and novel object recog-
nition memory when administered to rats during phases asso-
ciated with hippocampal development (Siegel et al. 2011). In
addition, neuroimaging studies in humans after METH abuse
have demonstrated smaller striatum and hippocampus vol-
umes, a decrease in dopamine D2 receptor number and a lower
dopamine transporter density (Thompson et al. 2009), similar
to what is seen in depressed individuals. Although numerous
pre-clinical studies have focused on prenatal exposure to
METH and its late-life effects, few studies have focused on
the consequences of early-life (pre-adolescent and adolescent)
exposure to METH. In fact, there are concerns about the in-
creasing rate of exposure of children to METH (Quigley
2015) and it is thus crucial that the adverse effects during this
vulnerable developmental stage are further investigated.

Since METH-induced depression is one of the key symp-
toms that require treatment during the withdrawal phase as
well as later on in life, this study focused on the development
of depressive-like behaviour (in an animal model) following
chronic (16 days) METH versus vehicle administration during
pre-adolescence. Since depression is associated with early life
adversity (Modgil et al. 2014), and also since individuals who
abuse METH are often from challenging backgrounds, they
represent a population already at higher risk for developing a
mood disorder. In fact, the combined impact of METH abuse
plus early life adversity would fit the paradigm of the double
hit hypothesis (Nabeshima andKim 2013). For this reason, we
used the Flinders Sensitive line rat (FSL), a genetic rodent
model of depression, to assess whether genetic predisposition
plus METH exposure presents a greater risk for developing
depressive like behaviour later in life. The effect of METH
was assessed using a battery of behavioural tests that have

validity for depression, namely learned helplessness, as well
as social and cognitive dysfunction.

The working hypothesis of this study was that chronic
METH treatment will induce long-term depressive-like
behaviours later in life. Moreover, we postulate that
combined METH plus genetic predisposition poses a
greater risk for developing late-life behavioural anomalies
akin to MDD. This study will contribute to our understanding
of the neurobehavioural dysfunction brought about by early-
life exposure to METH and in particular how METH abuse
may precipitate or worsen depressive-like symptoms in sus-
ceptible individuals.

Materials and methods

Animals

Male and female Flinders Sensitive Line (FSL) and Flinders
Resistant Line (FRL) rats were supplied, housed and bred by
the Vivarium at the Pre-Clinical Drug Development Platform
(PCDDP) of the North-West University. The original rat col-
onies were obtained from Dr. David H Overstreet, University
of North Carolina, Chapel Hill, North Carolina, USA. The
FSL rat line is a well-described, validated genetic animal mod-
el of depression, with the FRL rat line as the normal control
(Overstreet and Wegener 2013).

The animals were housed 4 rats per cage under conditions
of constant temperature (22 ± 1 °C) and humidity (50 ± 10 %)
with a 12:12 h light/dark cycle (lights on at 06:00 and lights
off at 18:00). Food and water were provided ad libitum. Cages
were cleaned and bedding (sawdust) replaced weekly.

All experiments conformed to the guidelines of the South
African National Standards: The care and use of animals for
scientific purposes (SANS 10386:2008) and were approved in
accordance with the regulations set by the AnimCare animal
research ethics committee of the North-West University, pro-
ject ethics approval no. NWU-000,105-11-S5).

Drug treatment

(+)-Methamphetamine hydrochloride (METH) was purchased
from Sigma Aldrich, Missouri, USA (catalogue no. M8750-
25G; purity >98 %), imported under South African permit no.
IMP/626/2011, kept under licence no. POS107/2011/2012
and usage logged as prescribed by national legislation.
METH crystals were dissolved in saline (vehicle) for subcu-
taneous (SC) administration. Male FSL and FRL rats were
treated with vehicle or METH twice daily at 09:00 and
again at 15:00 from postnatal day nineteen (PostND19) to
PostND34 (pre-puberty, with sexual maturity reached
around PostND35). It has been argued that due to species
differences in neurodevelopmental patterns, it makes sense
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to start animal experiments targeting human adolescents
earlier (Spear 2007) when neuronal sprouting is vigorous,
hence our choice of age span for treatment. The number
of rats per treatment group is indicated on the bar graphs,
varying between 10 and 17 per group as a result of varying birth
rates in the breeding programme, as well as elimination of few
outliers identified with the Grubbs test. METH was adminis-
tered as before (Strauss et al. 2014) in an escalating dose regi-
men during the 16 day period (mimicking binging behaviour in
humans), with every dose escalating in increments of 0.2 mg/kg
from 0.2 to 6.0 mg/kg (i.e. 0.2, 0.4, 0.6,..., 5.6, 5.8, 6.0, 6.0,
6.0 mg/kg), made up to 0.2 ml injection volume. To provide
context of the selected dose range, 15 mg/kg at a 2 h inter-
val has been used as high dose before (Richards and Yung
2000). Each animal was weighed before injection and the
appropriate dose calculated. Saline-treated animals received
a fixed dose of 0.2 ml saline SC twice daily. Considering the
half-life of METH in rodents being roughly one hour
(Rivière et al. 1999), this implies continuous cycles of high
systemic levels after dosing and then lower levels after drug
clearance in between dosing (typical as with binging in
humans), including between the last dose on PostND34
and early testing after short-term clearance on PostND35.
Testing on PostND60 would therefore imply total withdrawal
and long-lasting effects.

Behavioural testing

After the 16-day period of drug administration, animals were
subjected to a validated battery of behavioural tests (Mokoena
et al. 2015), implemented in order of firstly the novel object
recognition test (nORT), thereafter the social interaction test
(SIT), then the locomotor activity test and finally the forced
swim test (FST). These were performed for all treatment
groups either early after the injection period on PostND35,
or later in life after drug wash-out (withdrawal) in early adult-
hood on PostND60. Behavioural testing commenced one hour
after the start of the dark cycle (i.e. 19:00) when nocturnal
animals are active. We demonstrated before that, under our
experimental conditions, foregoing tests do not affect the out-
come of the subsequent consecutive tests if they are ordered
from least to most stressful (Mokoena et al. 2015).

Novel object recognition test

The well-described novel object recognition test (nORT) was
used to evaluate declarative memory in the rats, which is no-
toriously impaired in patients with depression (Burt et al.
1995). This test relies on the principle that rats prefer to ex-
plore a novel (new) object relative to a familiar one, and that
recognition of the novel object is dependent on intact memory
of the familiar object. The apparatus comprised of a box made
of opaque, black Perspex, and with the floor dimensions

500 mm × 500 mm, and a 400 mm high surrounding wall,
with the arena illuminated with infrared light (40 lx). Two
heavy objects, which cannot be moved by the rat, were placed
inside the box.

The habituation trial commenced two days prior to the
night of testing when the rats were given the opportunity to
explore the empty nORT boxes (one rat per box) for 10 min.
Thereafter, on the day of testing, the acquisition trial was
conducted. The rats were given the opportunity to explore
two identical, steady objects in the nORT box for a period of
five minutes. These objects were identical in shape, size and
colour and placed 10 cm from the box walls in two adjacent
corners. The rats were then returned to their home cages for a
90 min inter-trial interval (Fischer et al. 2012; Mokoena et al.
2015). The nORT box and objects were cleaned with 10 %
ethanol to remove any olfactory cues. The animals were then
subjected to the last retention trial, during which they were
returned to the test box and presented with two objects, one
object identical to the object in the first exploration trial and
the second a novel object. The novel object had a different
shape, size and colour and was therefore unfamiliar to the rat.
Rats were allowed to explore the objects for five minutes,
whereafter the rats were removed. Object exploration was
defined as sniffing, licking or touching the objects with fore-
paws (Grayson et al. 2007). Sitting near the object was not
considered exploration. The exploration time (seconds) of
each object in each trial was scored manually from the record-
ed videos using two stopwatches, with the scorer blind to the
treatment group being scored. With memory intact, rats tend
to remember the familiar object and show a tendency to spend
more time exploring the novel object. Equal exploration time
of the familiar and novel object is regarded as being indicative
of impaired memory performance.

Social interaction test

Social behaviour is known to be deficient in patients with
depression (Buck and Siegel 2015). The well-described social
interaction test (SIT) was used to measure explorative and
social interactive behaviours between pairs of rats in an open
field test (OFT) arena and was performed as described before
(Mokoena et al. 2015). The apparatus consisted of a black
square arena with opaque walls (100 cm × 100 cm × 40 cm).
The floor was divided into 25 cm × 25 cm equal squares
(Sherif and Oreland 1995), with the arena illuminated with
infrared light (40 lx). A video camera was placed above the
arena to record the activity of the animals for later scoring and
analysis.

A pair of unfamiliar rats of the same treatment group was
placed together in the arena for a period of 10 min, while the
researcher remained outside the testing room during the test-
ing period to avoid distracting the animals. The arena was
subsequently cleaned with 10 % ethanol solution between
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tests to eliminate olfactory cues (Ferdman et al. 2007). Social
interactive behaviour (Bstaying together^) was scored per pair
of rats, whereas self-grooming was scored for each individual
rat, with the scorer blind to the treatment group being scored.
Less time spent in social interaction and increased self-
grooming was considered indicative of raised anxiety levels.

Locomotor activity

Spontaneous locomotor activitywas accessed using aDigiScan®
animal activity monitor (Accuscan Instruments Inc. Columbus,
OH, USA), implementing various infrared sensors placed strate-
gically around the box to detect and measure activity within the
cage (Cao and Li 2002). Each open field cage had 16 infrared
light beams aligned in the horizontal X and Y axes, where
infrared sensors within the box detect the number of beam
breaks caused by animal movement. The rat was placed in
the centre of the chamber and the total distance travelled by
the animal during a period of fiveminutes wasmeasured. In this
context, locomotor activity was used to distinguish between
altered locomotor and psychomotor mobility induced by the
drug, as observed in the forced swim test (see above).

Forced swim test

The well-described forced swim test (FST) was used to assess
immobility as measure of depressive-like behaviour of ro-
dents (Blokland et al. 2012; Cryan et al. 2002; Mokoena
et al. 2015). The FST does not induce a depressive-like state
as such, but has been validated to measure behaviour related
to learned helplessness under stress-inducing conditions
(Castagné et al. 2009). Importantly, the FSL rat represent a
well-described and validated genetic rodent model of depres-
sion that displays depressive-like behaviour (e.g. enhanced
immobility) without the pre-conditioning swim trial 24 h prior
to the testing swim trial (Overstreet et al. 2005; Overstreet and
Wegener 2013).

The rats were individually placed in a water-filled
(25 °C ± 2 °C) transparent plastic cylinder (height × 50 cm;
diameter × 25 cm; water depth × 30 cm) from which they
cannot escape, under 200 lx white light, and allowed to swim
for a period of 7 min. Video monitoring was used to record the
behaviour of the animals, with active scoring undertaken
during the mid 5 min, with the scorer blind to the treat-
ment group being scored. Immobility was scored when the
animal assumed an immobile posture, floating, and no
movements other than to keep their nose or mouths above
the water surface to breathe (Blokland et al. 2012).

Statistical analyses

When comparing only two data points, the Student’s t test was
used. Normality of the data was determined using the Shapiro-

Wilk test. For multiple comparison of data Nonparametric
two-way ANOVA based on ranked data was performed if
the assumption of normality was violated. In other instances,
the two-way ANOVAwas used, and when this analysis indi-
cated interaction between the main factors (i.e. rat line and
drug treatment, respectively), it was followed by the Tukey
posthoc test. Three-way analyses was not necessary, since the
third main factor, namely age at PND35 vs PND60 was not
directly compared. GraphPad Prism® version 6 (GraphPad
Software, San Diego California USA, www.graphpad.com)
was used for statistical analysis and graphical presentations,
except for non-parametric statistical analyses when indicated,
where IBM SPSS Statistics version 22 was used (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version
22.0. Armonk, NY: IBM Corp). A 5 % confidence limit for
error was taken as statistically significant (P < 0.05).

Results

The novel object recognition test

Figure 1 displays the percentage time spent by vehicle- and
METH-treated FSL and FRL rats exploring the familiar and
novel objects, respectively, in the nORT. Figure 4a and b dis-
plays these data at PostND35 (i.e. 1 day after the last dose) and
Fig. 4c and d at PostND60 (i.e. long-lasting effects after
washout).

In Fig. 1a the two-way ANOVA of the data (F (1, 49) =
0.5070, P = 0.4798; non-parametric analysis χ2

1 = 0.368,
P = 0.544) indicate that there was no statistically significant
interaction between line of rat and drug treatment regarding
time sent exploring the familiar object on PostND35, thus
no post hoc analysis was performed. The effect of line of
rat was not significant (F (1, 49) = 0.1228, P = 0.7275;
non-parametric analysis χ2

1 = 0.109, P = 0.741), whereas
the overall effect of METH treatment was statistically sig-
nificant in both rat strains relative to vehicle controls in
the parametric, but not in the non-parametric test (F (1, 49) =
4.167, P = 0.0466; non-parametric analysis χ2

1 = 2.327,
P = 0.127). It should be noted in the figure, however, that in
the FSL groups METH did not change % time exploring the
novel object, and that such a difference can only be seen in the
FRL rats.

In Fig. 1b the two-way ANOVA of the data (F (1, 49) =
2.079, P = 0.1557; non-parametric analysis χ2

1 = 0.618,
P = 0.432) indicate that there was no statistically significant
interaction between line of rat and drug treatment regarding
time sent exploring the novel object on PostND35, hence
no post hoc analysis was performed. Both the main factor
effects of line of rat (F (1, 49) = 0.4922, P = 0.4863;
non-parametric analysis χ2

1 = 0.850, P = 0.357) and drug
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treatment (F (1, 49) = 2.119, P = 0.1519; non-parametric anal-
ysis χ2

1 = 2.776, P = 0.096) was not statistically significant.
In Fig. 1c the two-way ANOVA of the data (F (1, 45) =

1.498, P = 0.2274; non-parametric analysis χ2
1 = 0.415,

P = 0.519) indicate that there was no statistically significant
interaction between line of rat and drug treatment regarding
time sent exploring the familiar object on PostND60, hence no
post hoc analysis was performed. The effect of line of rat was
not significant (F (1, 45) = 0.01232,P = 0.9121; non-parametric
analysis χ2

1 = 0.065, P = 0.798), whereas the effect of METH
treatment was statistically significant in both rat strains relative
to vehicle controls (F (1, 45) = 25.30, P < 0.0001; non-
parametric analysis χ2

1 = 18.703, P < 0.001).
In Fig. 1d the two-way ANOVA of the data (F (1, 49) =

0.5070, P = 0.4798; non-parametric analysis χ2
1 = 0.555,

P = 0.456) indicate that there was no statistically significant
interaction between line of rat and drug treatment regarding
time sent exploring the novel object on PostND60, so that post
hoc analysis was not performed. The effect of line of rat was
not significant (F (1, 49) = 0.1228, P = 0.7275; non-parametric
analysis χ2

1 = 1.174, P = 0.279), whereas the effect of METH
treatment was statistically significant in both rat strains relative
to vehicle controls (F (1, 49) = 4.167, P < 0.0466; non-
parametric analysis χ2

1 = 0.281, P = 0.596).
It follows from the statistical analysis, and is illustrated in

Fig. 1, that METH significantly increased the time spent ex-
ploring the familiar object in both FSL and FRL rats relative to

saline-treated rats on PostND35 and PostND60. However, no
statistical significance was found regarding time spent explor-
ing the novel object.

The social interaction test

Figure 2 displays the time spent in social interaction (staying
together) and self-directed (self-grooming) behaviour in
vehicle- and METH-treated FSL and FRL rats in the social
interaction test (SIT). Figure 3a and c displays measurements
at PostND35 (i.e. 1 day after the last dose) and Fig. 3b and d at
PostND60 (i.e. long-lasting effects after washout).

In Fig. 2a the two-way ANOVA of the data (F (1, 28) =
3.568, P = 0.0693) indicates that there was no statistically
significant interaction between line of rat and drug treatment
regarding staying together (social interaction behaviour) on
PostND35, hence no post hoc analysis was performed. The
effect of line of rat was not significant F (1, 28) = 1.350,
P = 0.2552), whereas the effect of METH treatment was
statistically significant (F (1, 28) = 42.89, P < 0.0001) on
PostND35.

In Fig. 2b the two-way ANOVA of the data (F (1, 25) =
3.448, P = 0.0751) indicated that there was no statistically
significant interaction between line of rat and drug treatment
regarding staying together (social interaction behaviour) on
PostND60, hence no post hoc analysis was performed. The
effect of line of rat was not significant (F (1, 25) = 2.239,
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Fig. 1 The effect of vehicle
versus chronic methamphetamine
(METH) exposure in Flinders
Sensitive Line (FSL) and Flinders
Resistant Line (FRL) rats on %
time spent exploring the familiar
(a& c) and novel (b& d) objects,
respectively, and also at (a & b)
PostND35 and (c & d)
PostND60, respectively, in the
novel object recognition test. Data
points represent the
mean ± S.E.M.
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P = 0.1471), whereas the effect of METH treatment was sta-
tistically significantly (F (1, 25) = 75.27, P < 0.0001) on
PostND60.

In Fig. 2c the two-way ANOVA of the data (F (1, 52) =
2.376, P = 0.1292; non-parametric analysis χ2

1 = 0.449,
P = 0.503) indicated that there was no statistically significant
interaction between line of rat and drug treatment regarding
self-grooming (self-directed behaviour) on PostND35, so that
post hoc analysis is not applicable. The effect of line of rat
was also not significant (F (1, 52) = 2.359, P = 0.1307;
non-parametric analysis χ2

1 = 1.372, P = 0.242), whereas
the effect of METH treatment was statistically significant
(F (1, 52) = 6.534, P = 0.0135; non-parametric analysis
χ2
1 = 6.218, P = 0.013) on PostND35.

In Fig. 2d the two-way ANOVA of the data (F (1, 45) =
1.088, P = 0.3024; non-parametric analysis χ2

1 = 0.834,
P = 0.361) indicated that there was no statistically significant
interaction between line of rat and drug treatment regarding
self-grooming (self-directed behaviour) on PostND60, and
therefore again post hoc analysis is not applicable. The effect
of line of rat F (1, 45) = 12.94, P = 0.0008; non-parametric
analysis χ2

1 = 11.860, P = 0.001) was statistical significant,
whereas the effect of drug treatment was not statistically sig-
nificant F (1, 45) = 3.807,P= 0.0573; non-parametric analysis
χ2
1 = 1.931, P = 0.165).
It follows from the statistical analysis, and is illustrated in

Fig. 2, that METH significantly lowered the amount of time
that both FSL and FRL rats stayed together (social interactive
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Fig. 2 The effect of vehicle
versus chronic methamphetamine
(METH) exposure in Flinders
Sensitive Line (FSL) and Flinders
Resistant Line (FRL) rats on
social interaction and self-
directed behaviour. Time spent in
social interactive behaviours
(staying together) (a and b) and
time spent in self-directed (self-
grooming) behaviour (c and d)
was evaluated on PostND35
(a & c) and PostND60 (b & d).
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mean ± S.E.M.
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(FRL) rats on locomotor activity in the Digiscan Apparatus. The total

distance travelled was evaluated on PostND35 (a) and PostND60 (b).
Data points represent the mean ± S.E.M.
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behaviour) on PostND35 and PostND60. METH also de-
creased self-grooming time (self-directed behaviour) in both
FSL and FRL rats on PostND35, but not significantly on
PostND60.

Locomotor activity test

Figure 3 displays the total distance travelled by vehicle- and
METH-treated FSL and FRL rats, respectively, in the locomo-
tor activity test. Figure 3a depicts measurements at PostND35
(i.e. 1 day after the last dose) with Fig. 3b at PostND60 (i.e.
long-lasting effects after washout).

In Fig. 3a the two-way ANOVA of the data (F (1, 52) =
0.01303, P = 0.9095) indicates that there was no statistically
significant interaction between the line of rats and drug treat-
ment regarding locomotor activity on PND35, hence no post
hoc analysis was performed. The effect of line of rat was not
statistically significant F (1, 52) = 0.7618, P = 0.3868),
whereas the effect of METH treatment was statistically
significant (F (1, 52) = 17.49, P = 0.0001) on PostND35.

In Fig. 3b the two-way ANOVA of the data F (1, 45) =
0.6124, P = 0.4380) indicated that there was no statistically
significant interaction between the line of rats and drug treat-
ment regarding locomotor activity on PND60, hence no post
hoc analysis was performed. Both the main factor effects of
line of rat (F (1, 45) = 0.3190, P = 0.5750) and drug treatment
F (1, 45) = 0.05259, P = 0.8197) were not statistically
significant.

It follows from the statistical analysis, and is illustrated in
Fig. 3, that METH reduced locomotor activity in both FSL
and FRL rats on PostND35, but not on PostND60. The effect
of METH on locomotor activity was similar in FSL and FRL
rats so evidence of a role for genetic predisposition was not
observed in this test.

The forced swim test

Figure 4 displays the immobility time for vehicle- andMETH-
treated FSL and FRL rats, respectively, in the forced swim test
(FST). Figure 4a depicts behaviour at PostND35 (i.e. 1 day
after the last dose) and Fig. 4b at PostND60 (i.e. long-lasting
effects after washout and complete withdrawal).

In Fig. 4a the two-way ANOVA of the data (F (1, 49) =
0.2335, P = 0.6311; non-parametric analysis χ2

1 = 0.205,
P = 0.651) indicates that there was no statistically significant
interaction between line of rat and drug treatment regarding
immobility at PND35, hence no post hoc analysis was per-
formed. Both main factor effects were statistically significant,
i.e. the line of rats (FSL vs. FRL) (F (1, 49) = 26.52,
P < 0.0001; non-parametric analysis χ2

1 = 10.022, P = 0.002)
and drug treatment (METH vs. VEH) (F (1, 49) = 43.28,
P < 0.0001; non-parametric analysis χ2

1 = 10.022, P < 0.001).

In Fig. 4b the two-way ANOVA of the data (F (1, 44) =
3.954, P = 0.0530; non-parametric analysis χ2

1 = 0.333,
P = 0.564) indicates that there was no statistically significant
interaction between line of rat and drug treatment regarding
immobility on PND60, hence no post hoc analysis was per-
formed. Both main factor effects were statistically significant,
i.e. the line of rats F (1, 44) = 49.41, P < 0.0001; non-
parametric analysis χ2

1 = 10.464, P = 0.001) and also drug
treatment F (1, 44) = 90.39, P < 0.0001; non-parametric anal-
ysis χ2

1 = 26.233, P < 0.001).
It follows from the statistical analysis, and is illustrated in

Fig. 4, that the FSL rats displayed enhanced immobility rela-
tive to FRL rats in the FST on PostND35 (before METH
withdrawal) and PostND60 (after METH withdrawal).
METH decreased immobility at PostND35 (adolescence) in
both FRL and FSL rats. However, following 25 days with-
drawal on PostND60, METH exerts enhanced immobility in
FRL and FSL rats. Therefore, METH withdrawal further aug-
ments the genetic predisposition for depressive-like behaviour
(immobility) in FSL rats.

Discussion

Recognition memory, as depicted by novel object recognition
(Mathiasen and Dicamillo 2010), was unaltered in FSL vs
FRL rats, while METH impaired recognition memory in
FRL but not FSL rats PostND35 (Fig. 1a). Meth did not alter
recognition memory in either FRL or FSL rats PostND60
(Fig. 1b). Thus, recognition memory remains unaltered in
FSL and FRL rats, and is also not significantly affected by
METH. Previous studies, however, have reported that animals
treated with METH spend less time exploring the novel object
compared to their saline controls (Herring et al. 2008; Reichel
et al. 2011). Interestingly, memory loss and cognitive deficits,
which are symptoms ofMDD,were not previously recognised
as a behavioural characteristic of the FSL rat (Overstreet et al.
2005). However, more recent studies indicate that cognitive
impairment indeed exists in FSL rats (Eriksson et al. 2012),
and in particular that of novel object recognition in the FSL rat
(Abildgaard et al. 2011). Furthermore, the FSL rat line has
been found to represent a suitable model of reversible impair-
ments in emotional processing and memory (Eriksson et al.
2012). The FSL rat also displays predictive validity for eval-
uation of drugs supporting cognitive performance (Eriksson
et al. 2012). It has also been reported that lower doses of
METH enhance memory and cognition, and that neurotoxic
doses can affect memory and cognition in a different way
(Meneses et al. 2011). It is therefore clear that there are
conflicting findings in the literature in this regard. However,
the current study performed behavioural analyses at PostND35
and PostND60, where previous studies only performed
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analyses on PostND60, which may explain the difference. This
method allowed us to compare the effects of METH directly
after the injection period as well as later in life, making the
study more robust.

On the other hand, METH enhanced exploration of the
familiar object in both rat lines at both PostND35 and
PostND60 (Fig. 1c and d). That the rats investigated the fa-
miliar object for a greater amount of time relative to controls
may be the result of loss of recognition memory for the famil-
iar object. When the rats do not recognize the familiar object,
it is interpreted as a deficit in recognition memory as the rats
now spend disproportionally more time investigating this ob-
ject. This lack of recognition memory was found to be long-
lasting, still present after withdrawal at PostND60 (Fig. 1d).
As far as we are aware, this very interesting finding has not
been described before, neither is there a clear explanation for
this phenomenon. Nevertheless, it is well known that memory
involves the laying down of long-term synaptic changes and
events related to neuroplasticity that are also involved in neu-
ronal development (Eriksson et al. 2012). Thus, that compro-
mised memory performance, as depicted by enhanced explo-
ration of the familiar object, was observed immediately after
METH exposure and after withdrawal is extremely important
albeit not unexpected, indicating a sustained adverse effect,
putatively via an effect on neurodevelopment.

The data in Fig. 2a and b demonstrate that METH signifi-
cantly lowers social interaction behaviour (staying together) in
both FRL and FSL rats, both shortly following drug treatment
(PostND35) and after withdrawal (PostND60). Such behav-
iour is highly correlated with the clinical features of depres-
sion (Buck and Siegel 2015). It is therefore clear that this
effect of METH is acute and long-lasting, with the latter pu-
tatively related to neurodevelopmental effects that yield
sustained adverse neurological manifestations. These findings
are in agreement with previously published and unpublished
data from our laboratory (Strauss 2012; Strauss et al. 2014).
Other previous studies have also shown a decrease in frequen-
cy and duration of social interaction between a pair of unfa-
miliar METH-treated rats (Šlamberová et al. 2010; Strauss

2012; Strauss et al. 2014). However, Samberova and col-
leagues (2010) found that social interaction was increased
after administration of lower doses of METH (1.25 mg/kg)
and decreased after higher doses of METH (2.5–5 mg/kg)
(Šlamberová et al. 2010). Although the aim of METH abuse
is typically to experience the Bhigh^ and the increased loco-
motor activity that accompanies it, although the abuse seldom
stops there but progresses towards higher and higher doses
over time (Stedham 2007). Therefore, the fact that this study
used an escalating dose regimen and consequently high doses
of the drug are more clinically relevant, and could have con-
tributed to the anti-social behaviour observed. Previous data
has also indicated that when METH is administered in higher
doses the rats display stereotypical behaviour, for example
sitting in the corner of the test box indulging in repetitive head
movements with little to no social interaction (Šlamberová
et al. 2010). However, true stereotypical behaviour is not nec-
essarily related to depression, unless in the form of an Axis 2
diagnosis. Nevertheless, we do know that METH abusers of-
ten present with stereotypic behaviour, while at the same time
co-present with depression, as this paper has described.

Differences in social interactive behaviour between FSL
and FRL rats did, however, not reach statistical significance
in the current study (Fig. 2a and b). Decreased social interac-
tive behaviour is characteristic of the FSL rat, where it dis-
plays significant anxiogenic behaviour in the social interaction
test, and where pairs of FSL rats tend to avoid each other when
passing rather than grooming or crawling over or under each
other (Overstreet et al. 2005). The reason for this difference in
the current study and that of Overstreet and colleagues is
unclear. Interestingly, the unfamiliar environment of the
test arena seems to play a vital role in the social interac-
tive behaviour observed. It has been documented that an
unfamiliar environment increases time spent in explorative
behaviour (locomotion) and therefore decreases the time
that the rats stay together. The fact that no habituation
trial was conducted in the SIT could have contributed to
the decrease in time spent in social interactive behaviour,
but then this would apply equally to all treatment groups.

Treatment groups
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Fig. 4 The effect of vehicle versus chronic methamphetamine (METH)
exposure in Flinders Sensitive Line (FSL) and Flinders Resistant Line
(FRL) rats on immobility time (seconds) in the forced swim test.

Immobility, as marker of depressive-like behaviour, was evaluated on
PostND35 (a) and PostND60 (b). Data points represent the
mean ± S.E.M.
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Self-directed behaviour (self-grooming) was also assessed
using the SIT, where METH treatment deceased self-
grooming time significantly on PostND35, but not on
PostND60 (Fig. 2c and d). However, on PostND60 FSL rats
displayed significantly less self-grooming behaviour than
FRL rats, but METH did not make a significant difference.
An increase in METH-induced self-directed behaviour was
expected, since it has been documented in earlier studies
(Strauss 2012), while also elevated self-grooming may be in-
dicative of increased anxiety (Moller et al. 2011). Thus, taking
inhibited self-grooming as a measure of anxiety-like behav-
iour, the current study shows that METH treatment induces
anxiety-like behaviour on PostND35, but that this effect is not
long-lasting as observed on PostND60.

Locomotor activity assessment (see Fig. 3) indicated that
METH treatment decreased locomotor activity in FSL and
FRL rats compared to their vehicle controls on PostND35,
suggesting that the decreased immobility in the FST
(antidepressant-like activity of METH described above) can-
not be attributed to enhanced locomotor activity, and hence
directly supports an enhanced psychomotor property of the
drug under these conditions. However, on PostND60 METH
did not affect locomotor activity in FSL or FRL rats compared
to their vehicle controls, again confirming that the depressive-
like behaviour (enhanced immobility) in the FST relates di-
rectly to decreased psychomotor activity and not drug-induced
hypolocomotion. It has been shown previously that METH-
treated animals are significantly less active (reduced locomo-
tor activity) than their saline-treated controls (Herring et al.
2008; Wallace et al. 1999; Swart 2013). In addition, METH-
treated animals display a smaller number of beam breaks than
saline treated control animals (Herring et al. 2008), thus sim-
ilar to what we describe here. However, some earlier work
suggest that assessment of repetitive beam breaks does not
necessarily reveal METH-induced hyperactivity, although
there is evidence for an increase in focused movement, possi-
bly indicative of stereotypy (Herring et al. 2008). Although
repetitive beam breaks are not necessarily a measure of ste-
reotypy, they do indicate that aspects of focused movements
contribute to the spectrum of stereotypic behaviours observed
in METH-treated animals (Herring et al. 2008).

However, after wash-out, we found that animals did not
display any significant differences in locomotion regardless
of the strain or treatment. Thus METH’s ability to decrease
locomotor activity seems to be dependent on the immediate
effects of METH to alter central monoamine levels
(PostND35), as noted above, and is not long-lasting after with-
drawal (PostND60). Previous studies have indicated that
METH markedly increases locomotor activity initially, with
a long-lasting enhancement of locomotor activity over a cou-
ple of hours (Wallace et al. 1999) that was lost after metabo-
lism of the drug (Wallace et al. 1999). Also, the latter authors
noted that METH-treated animals exhibited lower activity

during the initial exploratory phases (for the first 30 min) than
saline-treated rats, although locomotor activity in both groups
were comparable during the last 30 min of the trial. Thus both
METH- and saline-treated animals showed similar levels of
activity at the end of the test period (Wallace et al. 1999). The
current study is the first to investigate long-lasting effects,
after 25 days of withdrawal.

The data obtained from the FST (Fig. 4) indicate that FSL
rats were as a group more immobile than FRL rats, confirming
the face validity of the FSL genetic rat model of depression
under our experimental conditions. Furthermore, chronic
pre-puberty administration of METH to FSL and FRL rats
for 16 days induced antidepressant-like behaviour when
assessed early after the last day of treatment (PostND35),
suggesting that METH is initially antidepressant in nature.
Other studies have similarly shown that METH causes a
decrease in immobility time in a dose dependant manner
when tested directly after administration (Shimazu et al.
2005). This anti-depressant response observed at PostND35,
however, was evident only in the FST, whereas behaviour in
the SIT and nORT, as described below, would be more sug-
gestive of depressogenic-like effects. After 25 days withdraw-
al (PostND60) a depressogenic effect was observed inMETH-
treated FRL and FSL rats relative to vehicle-treated animals in
the FST. In fact, immobility observed in METH-treated FRL
rats closely resembled that of METH-naïve FSL rats, and
ultimately immobility was the largest in METH-treated
FSL rats (see a possible role for genetic susceptibility
below). It may be deduced that pre-puberty exposure of
rats to METH results in an immediate antidepressant-like
effect, while long-lasting depressogenic effects occur after
prolonged discontinuation after chronic exposure, putative-
ly via effects on neurodevelopment and a resulting effect
on regional brain monoamines, as described recently
(Strauss et al. 2014). Previous studies have indicated that
withdrawal from chronic amphetamine administration can
result in behavioural alterations with characteristics similar
to that of depression in humans (McGregor et al. 2003),
for example the elevation of the reward threshold in the
brain with consequent deficits in reward signalling (Cryan
et al. 2002). The current study suggests a psychostimulant
withdrawal-induced depression, in line with these earlier
findings. This is a robust phenomenon that is detectable
in numerous behavioural tests in rats, including the intra-
cranial self-stimulation (ICSS) procedure, the FST as well as
the tail suspension test (Cryan et al. 2002). Psychostimulant
withdrawal-induced depression also seems to be long-lasting,
as seen with ecstasy (McGregor et al. 2003), and may be the
result of the enduring neurotoxic effects of METH (McGregor
et al. 2003). In fact, in agreement with numerous reports that
METH causes neuronal damage via increased oxidative stress
(Tocharus et al. 2010), a recent study in our laboratory dem-
onstrated that chronic METH exposure induces pronounced
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perturbations in regional brain monoamines in parallel with a
significant decrease in superoxide dismutase (SOD) activity
and increase in lipid peroxidation in various brain regions of
the rat (Strauss 2012).

Contrary to the antidepressant-like effect described imme-
diately post treatment, the long-lasting developmental effect
of post-METH withdrawal was also additive to the congenital
depressive-like phenotype in FSL rats, inducing a profound
depressogenic action. The presence of a role for genetic sus-
ceptibility in this response supports the two-hit hypothesis of
depression, suggesting that individuals that already have a
genetic predisposition to depression (1st hit) may be more
susceptible to developing depression when abusing METH
early in life (2nd hit). This finding is also supported by similar
unpublished data from our laboratory using FSL rats (Swart
2013). On the other hand, studies using combinedMETH plus
social isolation rearing (SIR) (Strauss et al. 2014), thus a his-
tory of environmental adversity, did not support the two hit
hypothesis. However, Strauss argues in favour of a ceiling
effect that prevented more prominent neurobehavioral deficits
from occurring (Strauss et al. 2014). In yet another study of
METH administration, maternal separation and the combina-
tion of the two stressors decreased BDNF levels in both the
dorsal and ventral hippocampus. Nerve growth factor (NGF)
remained unaltered by either stressor alone or in combination
in the dorsal hippocampus. Importantly, however, in the ven-
tral hippocampus associated with anxiety-related responses,
maternal separation decreased NGF, but this was reversed by
methamphetamine via a compensatory mechanism (Dimatelis
et al. 2014). These data underline the complexity of brain
response and compensatory mechanisms involved. That
METH plus FSL phenotype supports the two-hit hypothesis,
whereas METH plus either maternal separation or social iso-
lation does not, is therefore of interest. We postulate that
METH fails to illicit a compensatory mechanism in FSL rats
as it apparently does in the aforementioned two models and
that the FSL plus METH model is arguably more suitable for
studying the two-hit hypothesis. However, further studies that
investigate this phenomenon are needed.

Summary and conclusion

The current study demonstrates that chronic METH treatment
produces significant behavioural effects, of which some are
observed early after the injection period (PostND35) and
others in the long-term after METH withdrawal, manifesting
in early adulthood (PostND60). Importantly, chronic early-life
exposure to METH induces antidepressant-like behaviour be-
fore withdrawal, but this is reversed after withdrawal into
early adulthood, suggesting METH-induced long-term
depressogenic effects in genetically susceptible and control
animals. This long-lasting effect also seems to be additive to

the congenital depressive-like phenotype of FSL rats, suggest-
ing a role for genetic predisposition. This observation would
be in line with a two-hit hypothesis of depression, suggesting
that the manifestation of depression will result when genetic
predisposition is followed by an environmental stressor (i.e.
METH) later in life. The data suggest as working hypothesis
that juvenile individuals with a predisposition to depression
early in life and abusing METH, may be more susceptible to
developing depression later in life. Locomotor data further
confirmed that the immobility in the FST indeed reflects psy-
chomotor effects, which cannot be explained by locomotor
effects. The study also demonstrated that METH significantly
lowers social interaction behaviour in both FRL and FSL rats,
both soon following drug treatment (PostND35) and after
withdrawal (PostND60). In addition the rats investigated the
familiar object for a greater amount of time in the nORT on
PostND35 and PostND60, indicative of impaired recognition
memory of the familiar object. These data confirm that METH
results in deficits in social interaction and in cognitive memory,
probably due to sustained adverse neurodevelopmental effects.

Thus, early-life exposure to adversity, like drug abuse, may
aid the development of late-life behavioural abnormalities, in
particular depression. The current study demonstrated that
pre-adolescent exposure to METH can reproduce many of
the behavioural changes seen in depressed individuals.
Furthermore, although further study is required to delineate
the specific neurodevelopmental mechanisms involved as
well as potential treatment options, the current data suggests
that early-life exposure to METH in predisposing individuals
(male FSL rats) may represent a useful two-hit model with
which to study early life adversity on behavioural abnormal-
ities later in life, particularly mood disorders.

Prospective studies should investigate long-lasting neuro-
biological effects of METH, in particular involving dopami-
nergic and serotonergic neurotransmission. Biomarkers of
neuroinflammation, such as the cytokines or the kynurenine
pathway, and of neuroplasticity, such as brain-derived neuro-
trophic factor, should also be assessed. Of particular impor-
tance would be to assess resilience following early-life
METH-induced adversity, for example evaluating behavioural
and neurological stress-response. Lastly, it would be crucial
to evaluate these METH-induced changes and long-lasting
effects following pre-natal exposure to METH, or exposure
during puberty.
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