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Abstract Doxycycline (Dox)-inducible transgenic
approach is used to examine the neural mechanisms of
anxiety and depression; however, its own effects on related
behaviors are not clear. To address this, in the present
study, we tested the anxiety- and depression-like behaviors
in rats treated with Dox in drinking water (2 mg/ml) in the
elevated plus-maze (EPM; on day 5) and forced swim
(FST; on day 8) tests, respectively. In addition, the levels
of mRNAs and proteins of brain-derived neurotrophic
factor (BDNF) and anti-apoptotic protein Bcl-xL in the
hippocampus (HIPP) and frontal cortex (FC) were also
analyzed. Consumption of Dox for 4 days induced an
anxiogenic-like phenotype that was manifested by the
decreased percentages of open arm entries and time spent
on the open arms of the EPM. After Dox for 7 days, ani-
mals demonstrated more active behavior in the FST than
control rats as evidenced by the increase in climbing time.
When assessed after the FST, expression of Bcl-xL. was
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increased in the hippocampus of Dox-treated animals.
Furthermore, hippocampal Bcl-xL content correlated pos-
itively with the duration of climbing in the test. This study
is the first to find that Dox in treatment regime used to
control transgene expression can affect anxiety- and
depression-like behaviors in rats. Dox-induced increase in
Bcl-xL expression in the hippocampus may be involved in
the moderate activation of FST behavior.

Keywords Doxycycline - Elevated plus-maze - Forced
swim test - Bcl-xL - Hippocampus

Introduction

Doxycycline (Dox), the tetracycline antibiotic with a good
penetration into the brain (Barza et al. 1975; Yim et al.
1985), is widely used for the control of transgene expres-
sion in studies of brain physiology (Chen et al. 2014;
Barroso-Chinea et al. 2016) and behavior (Chandrasekar
and Dreyer 2011; Fitting et al. 2013; Paris et al. 2014;
Vaisburd et al. 2015; Hahn et al. 2016). To modulate gene
expression in rodents, Dox is usually administered with
chow (Chtarto et al. 2016; Hahn et al. 2016) or in drinking
water (Chen et al. 2014; Chiken et al. 2015; Vaisburd et al.
2015; Barroso-Chinea et al. 2016) for several days or
weeks and, more rarely, by intraperitoneal injections (Paris
et al. 2014; Kesby et al. 2016, 2017).There are, however,
several observations that Dox at the doses and routes
commonly used in these studies has its own effects that
may confound interpretation of changes seen after modu-
lation of target gene expression. For example, Dox pro-
tected the dopaminergic neurons in the model of
Parkinson’s disease (Lazzarini et al. 2013), activated adult
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neurogenesis (Sultan et al. 2013), and reduced alcohol
consumption (Mclver et al. 2012).

Despite that the Dox-controlled gene expression systems
are used in investigations of the neural mechanisms asso-
ciated with anxiety (Paris et al. 2014; Vaisburd et al. 2015;
Hahn et al. 2016) and depression (Vicentini et al. 2009;
Serchov et al. 2015), it is not clear whether Dox influences
related behaviors. The psycho-emotional effects of Dox
have received much less attention than, for example, the
other tetracycline antibiotic, minocycline (Levkovitz et al.
2015; Vogt et al. 2016), that was even suggested as a
potential antidepressant drug (Soczynska et al. 2012).
There are few ongoing clinical and experimental studies.
Thus, clinical descriptions of patients indicate the occur-
rence of psychiatric side effects, including anxiety,
depression, and even suicide attempts, after treatment with
Dox (Atigari et al. 2013). On the other hand, the patients
with neuropsychiatric disturbances during Lyme neu-
roborreliosis (Markeljevi¢ et al. 2011; Nagy et al. 2016) or
neurobrucellosis (Tekin-Koruk et al. 2010) responded by
rapid functional improvement to therapy with Dox com-
bined with other antibiotics. The attenuation of the recall of
threat memory in individuals who were under Dox during
acquisition indicates the potential significance of Dox for
prevention and treatment of anxiety (Bach et al. 2017). In
animal studies, Dox administered to mice for 2 (Paris et al.
2014) or 8 (Vaisburd et al. 2015) weeks had no effects on
anxiety-related behaviors. And in fact, there is only one
study, in which depression-like behavior was assessed in
rats after a single Dox injection (Mello et al. 2013).

Given the extensive use of Dox to control transgene
expression, the need to further evaluate drug own func-
tional effects is evident. In the present study, we tested
anxiety- and depression-like behaviors in the same rats at
two time points (4th and 7th days) of Dox administration
with drinking water. In addition, because brain-derived
neurotrophic factor (BDNF) (Duman and Monteggia 2006)
and anti-apoptotic proteins (McKernan et al. 2009) were
implicated in pro- and antidepressant effects of various
treatments, and little is known about effects of Dox on
these parameters (Mello et al. 2013), expression of BDNF
and Bcl-xL in the hippocampus and frontal cortex was also
assessed.

Materials and Methods

Animals and Experimental Design

Adult male Wistar rats of two groups (11-12 animals per
group) weighing 273 & 7 and 271 + 10 g were used in the

experiments. All animal use procedures were supervised
and specifically approved by the ethic committee of the
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Institute of Cytology and Genetics in accordance with the
guidelines of the Ministry of Public Health of Russia
(supplement to order N 267 of June 19, 2003) and the
European Council Directive (86/609/EEC). All efforts
were made to minimize animal suffering and to reduce the
number of animals used.

To control transgene expression, Dox is usually
administered per os with food or drinking water. Therefore
in our experiment, animals of the first group received
drinking water supplemented with 5% sucrose containing
2 mg/ml Dox (JSC “Sintez,” Russia) for 7 days, whereas
the animals of the second (control) group received normal
drinking water. As was shown in study of Liu et al. (2008),
such treatment regime with Dox completely repressed
transgene expression in the rat brain. In experiments
in vitro, similar inhibition of target gene expression was
observed in cells after Dox for 2 days.

After 4 and 7 days of Dox administration, anxiety- and
depression-like behaviors were assessed in the same ani-
mals in the elevated plus-maze (EPM) test and the forced
swim test (FST), respectively. Thirty minutes after the
second swim session, rats were killed by rapid decapita-
tion. The hippocampus (HIPP) and frontal cortex (FC)
were immediately dissected out on a cooled plate and
frozen in liquid nitrogen for assessment of BDNF and Bcl-
XL mRNA and protein levels by real-time PCR and
immunoblotting, respectively.

Elevated Plus-Maze (EPM) Test

On the fifth day of Dox administration, the elevated plus-
maze test (Pellow et al. 1985; Walf and Frye 2007) was
performed between 14:00 and 16:00 p.m. The maze ele-
vated 65 cm above the floor was consisted of two opposite
open arms (45 x 10 cm?) and two opposite enclosed arms
(45 x 10 x 40 cm3). All four arms were connected to a
10 x 10 cm® center square. Before the next rat was
introduced, the maze was cleaned with a water-wet sponge
and then dried. The behavior of the animals was recorded
on video for later analysis. Each rat was placed in the
center of the maze facing an open arm. During the 5-min
test, standard measures such as percentage of entries into
and time spent in the open arms, entries into and time spent
in the closed arms, and total arm entries were quantified.
Arm entry defined when all four paws were on the arm. In
addition, the numbers of rearing (rising on the hind limbs)
in the closed arms, head-dipping from open arms, and risk-
assessment (included the stretched-attend posture and
closed arm returns) were also analyzed.
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Forced Swim Test (FST)

The two-day FST (Porsolt et al. 1978; Slattery and Cryan
2012) was conducted, starting from the third day after the
EPM test. On the seventh day of Dox administration, all
rats were forced to a pretest swim for 15 min followed 24 h
later by a 5-min test. Both swim sessions were carried out
between 1000 and 1200 h by placing rats in the cylinder
(46 cm high, 20 cm in diameter) filled with water (25 °C)
to a height of 30 cm. Animal behaviors were recorded on
videotape, and the latency to the first immobility and total
duration of immobility during the first 5-min pretest and
test sessions were measured later. In the test session,
swimming time and climbing time were additionally
assessed (Detke and Lucki 1996; Cryan et al. 2002). After
swimming, the rats were dried with towels and returned to
their home cages. The swim cylinders were cleaned, and
the water was exchanged between rats.

Analysis of Messenger RNAs

Total RNA was isolated from the brain tissue samples by a
one-step guanidine isothiocyanate method. The mRNAs for
the bdnf and bclxL genes were quantified by real-time
gPCR with the actb mRNA as a calibrator using a set of
TaqMan® Gene Expression Assay primers/probes
(Rn02531967_s1 for bdnf, Rn00437783_m1 for bclxL, and
Rn00667869_m1 for actb; Applied Biosystems, USA) in an
ABI VIIA™ 7 Real-Time PCR System (Applied Biosys-
tems). All reactions were carried out in duplicate on cDNA
samples in 96-well optical plates according to the manu-
facturer’s protocol in 25 pl of 1x TagManlUniversal PCR
MasterMix (Applied Biosystems). The real-time PCR
consisted of one cycle of 50 °C for 2 min and 95 °C for
10 min, followed by 40 cycles each of 95 °C for 15 s and
60 °C for 1 min. The comparative AACT method was used
to calculate mRNA expression relative to the beta-actin as
an endogenous control according to manufacturer’s manual
(Applied Biosystems).

Western Blotting Analysis

To estimate the levels of Bcl-xL protein by Western blot
analysis, hippocampal and cortical tissue samples were
homogenized in lysis buffer containing 150 mM NaCl,
50 mM Tris, 1% Triton X100, and protease inhibitors
(2 mM PMSF, 2 pg/ml leupeptin, 2 pg/ml pepstatin, and
2 pg/ml aprotinin). Protein samples (50 pg) were frac-
tionated by electrophoresis in 12% polyacrylamide gel with
sodium dodecyl sulfate in a Mini-Protean 3 Dodeca Cell
(Bio-Rad, USA) and transferred onto 0.45-um nitrocellu-
lose membrane with a Trans-Blot system (Bio-Rad). The
proteins were stained with primary anti-Bcl-xL or BDNF

rabbit monoclonal antibodies (dilution 1:500; Cell Signal-
ing, USA) and rabbit polyclonal anti-B-actin antibodies
(dilution 1:20,000; Santa Cruz Biotechnology, USA;
sc1616). Secondary anti-rabbit IgG (Bio-Rad) were used at
1:1000 dilutions for BDNF and Bcl-xL staining, and
1:10,000 dilution for p-actin staining. The blots were
developed with a SuperSignal™ West Femto Maximum
Sensitivity Substrate chemiluminescence kit (Life Tech-
nologies, USA) and quantified after scanning with a
ChemidocTM Touch Imaging System (Bio-Rad) using the
Scion Image 4.0.3.2 program (Scion Corporation, USA).
The amounts of Bel-xL and BDNF proteins were expressed
in arbitrary units relatively to the amounts of B-actin in the
same sample.

Statistical Analysis

The effects of Dox on behaviors and neurobiological
parameters were analyzed by comparing Dox-treated and
untreated groups using a Student’s ¢ test. In an attempt to
dissociate locomotor activity from anxiety in the elevated
plus-maze test, analysis of covariance was performed with
open arm entries as the dependent variable, and total arm
entries as the covariate. Two-way repeated measures
ANOVA was used to analyze the differences between the
behaviors of animals in pretest and test swim sessions.
Pearson’s correlation analysis on the data from both Dox-
treated and untreated groups was used to evaluate rela-
tionships between parameters. The results were considered
significant at a probability level of less than 0.05.

Results
Effects of Dox on Behaviors of Rats in the EPM Test

As shown in Fig. 1, animals treated with Dox for 4 days
had a reduced number of entries into the open arms
(Fig. la, t = 3.446, df = 21, P = 0.002) and spent less
time (Fig. 1b, t = 3.242, df = 21, P = 0.004) on open
arms than control rats. Evidenced by these changes, an
anxiogenic-like effect of Dox is in accordance with the
alterations in ethological parameters associated with anxi-
ety state. Dox-treated animals showed a significant
decrease in head-dipping (untreated: 4.00 £ 0.88, Dox-
treated: 0.91 £ 0.62; r = 2.819, df = 21, P = 0.010) and
a trend of increase in risk-assessment (untreated:
225 £ 0.63, Dox-treated: 3.82 &+ 0.46; = 1.976,
df = 21, P =0.061). The total number of entries sug-
gested as a mixed index related to both anxiety and motor
activity (Cruz et al. 1994) was decreased in Dox-treated
animals (Fig. lc,r = 3.273,df = 21, P = 0.002). Analysis
of covariance showed that a decrease in the open arms
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entries was dependent on the decrease in total arm entries
[F(1,20) = 1.647, P = 0.214]. No effect of Dox on the
number of rears (Fig. 1d, t = 0.675, df = 21, P = 0.507),
which was related only to general activity of rats (Cruz
et al. 1994), diminished the possible dependence of Dox-
induced decrease in open arm activity on inhibited
locomotion.

Effects of Dox on Behaviors of Rats in the FST

The rat FST includes the pretest session needed for
inducing a high level of immobility, which, especially in
subsequent test session, is sensitive to pro- and antide-
pressant drugs (Porsolt et al. 1978). Another parameter
used to assess an antidepressant-like activity is the latency
to immobility that was shown to improve the sensitivity of
the FST to some antidepressants (Castagné et al. 2009).
Because treatment of rats with Dox was started prior to
pretest that, as was suggested, could potentially alter
behavior in this and therefore in the subsequent test session
(Slattery and Cryan 2012), the latency to immobility and
immobility time were analyzed during the first 5 min in
both pretest and test sessions. The values of these param-
eters in the pretest were not significantly affected by Dox
(latency to immobility, s: control—112.2 4+ 10.5, Dox—
108.2 £ 9.1, t = 0.284, df = 21, P = 0.779; immobility
time, s: control—128.3 + 9.5, Dox—139.5 + 11.6,
t =0.762, df = 21, P = 0.455). As expected, all control
and Dox-treated rats displayed longer immobility time in
the test than in the pretest [F(1,21) = 18.355, P < 0.001]
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(data not shown). However, in contrast to control rats, the
animals treated with Dox did not show an expected
decrease in latency to immobility from pretest to test ses-
sions [F(1,21) = 2.853, P = 0.105] (data not shown).
Analysis of the effects of Dox on behaviors in the test
session showed a tendency to increased latency to immo-
bility in Dox-treated animals as compared to controls
(t = 1.845,df = 21, P = 0.079) (Fig. 2), which may result
from a more active behavior after Dox. Such possibility is
supported by data showing that although Dox did not affect
the duration of immobility or swimming, the significant
increase in the duration of climbing (¢t = 2.082, df = 21,
P = 0.049) was observed in the test session after the drug.
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Fig. 2 The ffects of Dox (2 mg/ml in drinking water for 7 days) on
behaviors in the FST: immobility latency (Immobility L), immobility
time (Immobility), swimming time (Swimming), and climbing time
(Climbing). Data normalized to control group as 100% are expressed
as mean = SEM. (n = 11-12). *P < 0.05 compared to appropriate
control group
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Analysis of Correlations Between Behavioral
Parameters from EPM and FST

Behavior in the FST may be confounded by changes in
locomotor activity (Slattery and Cryan 2012). Possible
interrelations of Dox effects on behaviors in the EPM test
and FST were evaluated by estimation of correlations
between behavioral measures from these tests (Pearson’s
test; n = 23). No significant correlations between the
latency to immobility or climbing time in the FST and the
EPM behaviors such as the number of open arm entries
(r = —0.25 and r = —0.26, respectively), the number of
closed entries (r = —0.11 and » = —0.08), total number of
arm entries (r = —0.18 and r = —0.16), number of rears
(r=0.01 and r = —0.02), head-dips (r = —0.11 and
r = 0.03), or risk-assessment (r = 0.33 and r = 0.33)
were observed.

Effects of Dox on Brain BDNF and Bcl-xLL
Expression

The results of real-time PCR and immunoblot analysis
(Fig. 3a, b) show that Dox administration for 7 days did
not affect BDNF mRNA and protein levels in the HIPP and
FC. In contrast to BDNF, Bcl-xLL. mRNA levels were
increased by Dox in the HIPP (r =2.752, df = 11,

5 [77) mRNA
.g 150 * [ Protein
8 .
el
e
£ 100 Z o L
5 %
e %
°\° :// / //
g 504 7 ]
[/
o Z :
Q 7 7 7
ﬁj 0 s 7.
BDNF  Bcl-xL BDNF  Bcl-xL
Hippocampus Frontal cortex
B
kDa Hippocampus Frontal cortex
14 |- - — BDNF

42 | - ——— v | —————v—| 3-2KTUH

28 | o o e o o0 s BB s B e s | BolxL

42 |t e e —— — — T C— ——— —— B-aKTUH

Control Dox Control Dox

Fig. 3 The effects of Dox on BDNF and Bcl-xL gene (a) and protein
expressions (a, b) in the hippocampus and frontal cortex. Data
normalized to control group as 100% are expressed as mean = SEM.
(n = 7-8). *P < 0.05 compared with the control group

P = 0.018), but not in the FC. The slight increase in the
HIPP Bcl-xL protein levels after Dox was not significant
(t = 1.574, df = 13, P = 0.245). No changes in Bcl-xL.
protein levels were observed in the FC.

Analysis of Correlations Between Neurobiological
and FST Behavioral Parameters

A significant positive correlation was revealed between the
protein levels of Bcl-xL in the hippocampus and duration
of climbing in the FST (Fig. 4; r =0.71, P = 0.003,
n = 15). No significant correlations were identified
between neurobiological parameters investigated and
immobility latency, duration of immobility, or swimming
(data not shown).

Discussion

Here, we show, for the first time, that Dox in treatment
regime used to control transgene expression can affect
anxiety- and depression-like behaviors in rats and Bcl-xL
expression in their hippocampus.

First, Dox for 4 days significantly enhanced anxiety as
evidenced by the decreased percentages of open arm
entries and time spent on the open arms. It is important to
highlight that although Dox decreased total arm entries
suggested as a measure of spontaneous motor activity in
the plus-maze (Walf and Frye 2007), no changes in rearing,
the other indicator of locomotor activity, together with the
decrease in head-dipping and moderate elevation in risk-
assessment allow thinking that Dox rather affected anxiety
than locomotor activity. The absence of differences in
locomotor activity between WT mice that consumed Dox
with drinking water (2 mg/ml) for 7-28 days and untreated
DIRKD mice (Chiken et al. 2015) could be viewed as
supporting evidence that Dox has no effects on locomotion.
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Fig. 4 Correlation between the protein levels of Bcl-xL in the
hippocampus and climbing time in the FST
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The observed anxiogenic-like effect of Dox is in agreement
with the finding that anxiety was listed as a side effect of
Dox in the British National Formulary (Atigari et al. 2013).
However, in a mutant mouse model of schizophrenia,
Vaisburd and colleagues (Vaisburd et al., 2015) investi-
gated anxiety following long-term Dox treatment (2 mg/ml
in drinking water for 8 weeks), but the effects of Dox on
such measure of anxious behavior as the time spent on the
closed arms of the EPM were not directly shown in both
mutant and control mice of wild type. Similarly, no sig-
nificant effects of Dox (100 mg/kg, i.p.) for 14 days on
anxiety-like behavior have been reported in C57BL/6J
mice in the open field, social interaction, and marble
burying tests (Paris et al. 2014). The differences in Dox
effects on anxiety among studies may be explained, for
example, by different durations of the drug administration.

Second, in the FST test session, the latency to the first
immobility in Dox-treated animals tended to be longer than
in control rats indicating a trend toward more active
behavior in the FST that can be interpreted as a moderate
antidepressant-like effect. The increase in climbing time in
the FST supports the suggestion that Dox-treated rats really
exerted more effort to escape from the stressful conditions
of the test. Trend toward increased antidepressant-like
activity observed after Dox is in agreement with in fact a
single experimental study, in which the effect of Dox on
depression-like behavior in animals was evaluated (Mello
et al. 2013). In this study, Dox administered 30 min before
lipopolysaccharide (LPS) prevented LPS-induced immo-
bility in the FST. Moreover, Dox significantly decreased
immobility time when compared not only to LPS-treated
mice, but also to saline-treated controls, thereby indicating
a clear antidepressant-like effect. One possible explanation
for more evident Dox effect in LPS-induced model of
depression than in our study is that LPS causes activation
of inflammatory system that is associated with depression
(Stepanichev et al. 2014) and anti-inflammatory properties
of Dox supported in the study of Mello et al. (2013) by the
decreases in IL-1beta levels in some brain regions.

Third, at 30 min after the FST exposure, Dox-treated
rats demonstrated an increase in Bcl-xL mRNA expression
in the hippocampus as compared to control animals.
Moreover, despite no changes in Bcl-xL protein levels, a
significant positive correlation was observed between the
levels of hippocampal Bcl-xL protein and climbing time in
the FST. Based on the data of the involvement of anti-
apoptotic proteins, including Bcl-xL, in supplying of brain
cells with energy (Du et al. 2009; Jonas et al. 2014), it
could be speculated that the more active behavior of Dox-
treated rats in the FST may be at least partly resulted from
the activation of Bcl-xL expression. This suggestion is in
agreement with previous reports, showing the increase in
the hippocampal Bcl-xL expression in parallel with the
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amelioration of the chronic stress-induced depression-like
state in rats by swimming exercise (Jiang et al. 2014) and
the involvement of the increase in Bcl-xL expression in the
rat hippocampus under stress in resilience to stress-induced
depression (Shishkina et al. 2010; Dygalo et al. 2012).

BDNF has been shown to play an important role in
mediating the therapeutic effects of antidepressants (Ada-
chi et al. 2008). Possible implication of BDNF in antide-
pressant-like effects of Dox is supported by two studies. In
the first study (Mello et al. 2013), an antidepressant-like
effect of a single Dox injection in LPS-induced model of
depression was accompanied by the increase in the hip-
pocampal BDNF expression. In the second study, 4 weeks
of treatment of mice with Dox in food pellets at doses used
to control transgene expression resulted in increased neu-
rogenesis (Sultan et al. 2013). Activation of hippocampal
neurogenesis that is regulated in part by BDNF (Scharfman
et al. 2005) has been associated with the effects of
antidepressants (Malberg et al. 2000). However, in our
study, we found no evidence for an influence of Dox for
7 days on BDNF expression in the hippocampus. It is
possible that more prolonged Dox administration required
for enhancing the expression of the neurotrophic factor and
producing a sustainable antidepressant effect.

Changes in climbing behavior in the FST (Detke and
Lucki 1996; Cryan et al. 2002) indicate that mechanisms of
a Dox antidepressant-like action may involve impact on the
brain catecholaminergic systems, for example, dopamin-
ergic (DA) activity. It was shown that in transgenic mice
with Dox-induced TAT protein expression in the brain, the
associated dysfunction in the brain DA systems that
include the decrease in dopamine levels (Kesby et al. 2016)
and receptor expression (DRDla, DRD2, DRD4, and
DRDS5) (Kesby et al. 2017) in the nucleus accumbens
resulted in appearance of such key feature of depression as
impairments in the response to pleasure (Kesby et al.
2016). On the other hand, Dox can protect the brain DA
neurons (Lazzarini et al. 2013; Zhang et al. 2015). As was
shown on the different models of Parkinson’s disease, Dox
increased the content of dopamine (Zhang et al. 2015) and
tyrosine hydroxylase (Lazzarini et al. 2013) in the striatum.

In overall, the data that Dox moderately increased the
length of the first effort to escape from the stressful con-
ditions of the forced swim test provide additional evidence
in support of the antidepressant-like potential of Dox.
However, further investigations are needed to clarify this
issue.
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Conclusions

Dox in treatment regime used to control of transgene
expression has its own effects on behaviors in the EPM and
FST, and expression of Bcl-xL in the hippocampus.
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