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Background: The transcription factor CREB and the neurotrophin BDNF are important mood regulators
due to their profound role in controlling the neuronal plasticity. Our previously published results from
transgenic mice functionally lacking CREB in chosen neural populations have shown that BDNF
upregulation evoked by chronic treatment with fluoxetine seems to be dependent on CREB residing
exclusively in serotonergic neurons. To further elucidate this observation, we focused on the
Keywords: representative signaling cas.cades engaggd in thg regulati.on of BDNF prpduction. .
BDNE ’ Methods: The study was carried out on mice lacking CREB in noradrenergic (Creb1°BH¢"¢) or serotonergic
CREB (Creb1TPH2CreERT2y heyrons in CREM deficient background. Animals received fluoxetine (10 mg/kg, ip) or
desipramine (20 mg/kg, ip) for 21 days. The expression of following proteins and their phosphorylated
forms was assessed by Western blot: CREB, BDNF, CaMKIl«, ERK1/2.
Results: We showed that consistent with previously observed BDNF upregulation, chronic treatment with
fluoxetine causes an increase in the pool of active CaMKIl« in w/t males, while in Creb1TPH2CreERT2
mutants, this effect ceased along with the observed decrease in ERK1/2 phosphorylation. These effects
were region- and sex-specific. We did not observe a similar pattern of changes regarding the levels of
BDNF expression and the CaMKIl«, ERK1/2 kinases in Creb1PBH™ mice exposed to desipramine. However,
sex-dependent changes in the regulation of CaMKlla and ERK1/2 activity were also observed.
Conclusions: Our study highlights the pivotal role of CREB in response to antidepressants, emphasizing
different sex-dependent vulnerabilities to particular drugs and the important impact of CREM on the
effects of CREB deletion.
© 2019 Maj Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
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Introduction

Among many putative molecular pathways that contribute
to depression and modulate antidepressant treatment, the

Abbreviations: BDNF, brain derived neurotrophic factor; BCA, bicinchoninic acid;
BSA, bovine serum albumin; CaMKII, Ca2+/calmodulin-dependent protein kinase II;
CREB, cyclic AMP response element binding protein; CREM, cyclic AMP response
element modulator; DBH, dopamine p-hydroxylase; DMI, desipramine; ERK,
extracellular signal-regulated kinase; ER, estrogen receptor; ERT2, mutant estrogen
ligand-binding domain; FLX, fluoxetine; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HIP, hippocampus; KO, knock out; LC, locus coeruleus; MAP,
mitogen-activated protein kinase; PFC, prefrontal cortex; RIPA, radioimmunopre-
cipitation assay buffer; RN, raphe nuclei; SAL, saline; SSRI, selective serotonin
reuptake inhibitor; TPH, tryptophan hydroxylase-2; TrkB, tropomyosin receptor
kinase B; TST, tail suspension test.
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transcription factor CREB (cyclic AMP response element binding
protein) and the neurotrophin BDNF (brain-derived neurotrophic
factor) are regulated both in animal models of depression and
humans suffering from this illness [1]. Moreover, both molecules
are regarded as important mood regulators due to their profound
role in controlling the expression of a variety of genes (CREB) and
neuronal plasticity [2]. Since the expression of BDNF may be
regulated by CREB, many studies have shown a CREB-dependent
positive regulation of BDNF expression after antidepressant
treatment [3] and a negative influence observed postmortem in
patients with depression [4]. However, in animal transgenic
models lacking CREB, this relationship is complex, and the data
remain inconclusive [5]. Notably, in all these experiments, the
researchers neglected the role of cyclic AMP response element
modulator (CREM), which is another transcription factor that
possibly compensates for the lack of CREB in KO models [6]. Our
previous results from transgenic mice lacking both CREB and CREM
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in the noradrenergic system confirmed this important interde-
pendence, showing that the lack of CREB alone is not sufficient for
the loss of reactivity to desipramine (a common antidepressant
belonging to noradrenergic reuptake inhibitors) in despair
behavior evaluated by tail suspension test (TST). Only mice devoid
of both CREB and CREM (Creb1PBH "Crem-/- mice) were resistant
to behavioral despair induced by desipramine, while animals
lacking CREB alone (Creb1PBH® mice) were not distinguishable
from the controls in this experiment [7]. Differences in single and
double mutants were also observed in mice with functional CREB
ablation in serotonergic cells, where we additionally suggested
that BDNF upregulation evoked by chronic fluoxetine treatment
seems to be dependent on the transcription factor CREB residing
exclusively in serotonergic neurons [8].

To further elucidate this observation, we focused on the
representative signaling cascades engaged in the regulation of
BDNF production. Bdnf gene expression is regulated by the CREB
transcription factor because its promoter region contains the CRE
site in its sequence [9]. It has been shown that a postsynaptic
increase in the intracellular Ca®* concentration may lead to
increased BDNF production by activating CaMKII, which in turn
phosphorylates CREB [10]. This interaction is particularly impor-
tant for synaptic plasticity in neurons. [11]. Furthermore, CREB
may also be a target of the MAP kinase cascade Raf/MEK/ERK [12],
in which phosphorylated ERK translocates to the cellular nucleus
where it directly activates transcription factors [13], leading to the
survival of neurons [14]. Moreover, all of these pathways may be
activated downstream of BDNF binding to its receptor TrkB,
creating a positive feedback loop [10] where BDNF stimulates
its own expression via different kinases and CREB. Overall,
both aforementioned BDNF-dependent signaling pathways con-
tribute to its regulation in depression and subsequent antidepres-
sant treatment [15], influencing cognitive ability and synaptic
plasticity [16].

Therefore, the aim of this study was to investigate whether the
observed role of CREB in serotonergic neurons of raphe nuclei (RN)
for maintaining the BDNF response after fluoxetine is associated
with changes in selected signaling pathways related to neuro-
plasticity, neurogenesis and cell survival by evaluating the protein
expression and phosphorylation of CaMKIla and ERK1/2. Addi-
tionally, we performed a thorough parallel analysis of the effects of
chronic desipramine treatment on BDNF, pCaMKIla/CaMKIla and
PERK/ERK expression in mice with selective and functional
depletion of CREB in noradrenergic neurons of locus coeruleus
(LC) (Creb1PBHCr® and Creb1PBHC ™ Crem-/- transgenic mice). While
investigating both transgenic lines lacking CREB in serotonergic or
noradrenergic cells, we focused on brain structures (the prefrontal
cortex and hippocampus) associated with the pathology of
depression and profound innervation by noradrenergic and
serotonergic projections.

Material and methods
Mice

All animals used in the experiments were of the C56BL/6 N
genetic background. Depletion of CREB in selected neuronal
populations was achieved by crossing Creb1"® mice with DBHCre
or TPH2CreERT2 mice to remove CREB from noradrenergic
(Creb1PBHCre) or serotonergic (Creb1TPH2CreERT2) cels, respectively,
as previously described [7,17]. To induce the mutation in
Creb1TPH2CreERT2 mpjce, 12-week-old animals were given tamoxifen
(Sigma-Aldrich, USA) (2 mg/mouse, ip 1x day for 5 consecutive
days). Moreover, to restrain compensative effects of CREM
upregulation in the absence of CREB [6], a group of animals
was crossed with Crem-/- mice (Creb1PPH¢"Crem-/- or

Creb1TPH2CreERT2Crem_/_). The experiment was performed on
male and female animals housed with their wild-type (w/t)
(Cre-negative or/and CREM+/+) littermates of the same sex in self-
ventilated cages (Allentown, USA) under standard laboratory
conditions (12 h light/dark cycle with food and water ad libitum).
This study was carried out in accordance with the EU Directive
2010/63/EU for animal experiments. All experimental procedures
were approved by the Animal Ethical Committee at the Maj
Institute of Pharmacology, Polish Academy of Sciences (Permit
Number: 1125, issued 11/24/2014).

Study design and drug injections

Twelve-week-old mice with selective depletion of CREB in
noradrenergic cells (Creb1PBH® and Creb1PBHC"*Crem-/-) were
given desipramine (Sigma-Aldrich, USA) (20 mg/kg, ip for 21 days),
while 15-week-old mice with selective depletion of CREB in
serotonergic cells (Creb1TPH2CreERT2 3pq Creb1TPH2CreERT2Crem /)
received fluoxetine (Carbosynth, UK) (10 mg/kg, ip, for 21 days).
Control animals were given 0,9% saline solution. Twenty-four
hours after the final drug injection, the animals were sacrificed by
cervical dislocation. Brain structures (hippocampus and prefrontal
cortex) were collected and rapidly frozen. Tissue was stored at
—80°C for further studies.

Protein isolation

Frozen brain structures were homogenized using TissueLyser Il
(Qiagen, Netherlands) for 2 x 3 min at 30 Hz in ice-cold RIPA buffer
(Sigma-Aldrich, USA) with the addition of protease inhibitor
cocktail and phosphatase inhibitor cocktail (1:100 v/v concentra-
tion, Sigma-Aldrich, USA). Next, the samples were centrifuged
(18,000 xg at 4°C for 20 min), and supernatants were collected.
The protein concentration was assessed using a BCA kit (Sigma-
Aldrich, USA) according to the manufacturer’s protocol. Briefly,
20 w1 of 30x diluted protein was added to 200 .l of BCA working
reagent, and after 30 min of incubation at 37°C, the absorbance
(Asg2) of each sample was measured. The protein concentration
was calculated using a standard curve based on BSA protein
solution (Sigma-Aldrich, USA).

Immunoblotting

Protein samples were mixed with 2x Laemmli buffer and loaded
on a precast polyacrylamide gel (Criterion TGX, Bio-Rad, USA) at an
amount of 15 g protein per well. The samples were separated by
electrophoresis (90 V for 15 min followed by 180V for 30 min) and
then transferred from the gel to a nitrocellulose membrane (Bio-
Rad, USA) using ENDURO™ Semi-Dry Blotter (Labnet, USA) (20V,
35 min). The membranes were stained with Ponseau S to assess
transfer efficiency. After destaining with deionized water, the blots
were blocked for 1h in 5% BSA (Sigma-Aldrich, USA) solution in
Tris-Buffered saline with 0,1% Tween-20 (TBST) (BioShop, Canada).
Next, the membranes were incubated with a solution of primary
antibodies diluted in blocking buffer (4 °C overnight with shaking)
followed by incubation with appropriate secondary antibodies
diluted in 5% nonfat dry milk in TBST. After each incubation step
with the antibodies, the blots were washed 3 x 5 min with TBST
buffer. The following primary antibodies were used: anti-phospho-
CaMKII (Thr286) (#12716, Cell Signaling, USA), anti-CaMKII (05—
532, Millipore, USA), anti-phospho-ERK1/2 (sc-7383, Santa Cruz,
USA), anti-ERK1/2 (sc-93, Santa Cruz, USA), anti-phospho-CREB
(Ser133) (06-519, Millipore, USA), anti-CREB (ab32515, Abcam,
UK), anti-BDNF (ab108319, Abcam, UK), anti-GAPDH (MAB374,
Millipore, USA), and anti-calnexin (ADI-SPA-860-F, Enzo Life
Sciences, USA). Secondary anti-mouse (PI-2000, Vector, USA) or
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anti-rabbit (PI-1000, Vector, USA) antibodies conjugated with
horseradish peroxidase were used. Signals were developed with a
Clarity Western ECL Substrate (Bio-Rad, USA) and imaged using a
PXi system (Syngene, UK). The density of the bands was calculated
using MultiGauge 3.0 software (FujiFilm, Japan)

Data analysis

Western blot data were calculated from at least two indepen-
dent electrophoretic runs. All data were normalized against the
control group, i.e., w/t littermates of the same sex receiving saline
solution. Statistical significance was assessed by two-way ANOVA,
followed by Fisher's least difference post-hoc test when applicable
using Statistica 12 software (StatSoft, USA). Comparisons with
p-values less than 0.05 were considered statistically significant.

Results

Selective and functional depletion of CREB in serotonergic neurons
attenuates the increase in the pool of active CaMKlla evoked by
chronic fluoxetine treatment in the hippocampus of male mice

In all the experiments, because neither the drugs nor the mutations
induced any changes in the total level of the investigated kinases, we
presented the results of our research as a ratio of phosphorylated
protein vs. total protein, which is a widely accepted approach to
study functional relevance [18]. The analysis revealed upregulation
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of the pool of phosphorylated CaMKII in the hippocampus of w/t
animals after fluoxetine treatment (2-way ANOVA, genotype effect
F(2,35)=12.39, p<0.0001; post-hoc test p<0.05 vs. w/t+SAL),
while depletion of CREB (Creb1™H2CreERT2 transgenic mice)
abolished the observed effect, diminishing the ratio of pCaMKIla/
CaMKllx in mutant mice exposed to this drug (post-hoc test
p <0.001 vs. w/t + FLX) (Fig. 1A). In fact, compared with w/t animals,
both Creb1TPH2CreERT2 apd Creb1™PH2CERT2Crem—/- mice were
characterized by diminished pCaMKIla/CaMKIl« ratios, and the
effect was significant in the hippocampus of male Creb1TPH2creERT2
mice treated with saline only (post-hoc test p<0.01 vs. w/t + SAL).
Additional removal of CREM seemed to partly revert the changes
observed in the mice that only lacked CREB, but the effect was
insignificant.

Fluoxetine treatment induced no changes in the phosphoryla-
tion of ERK1 or ERK2 in w/t animals, but selective depletion of CREB
in serotonergic cells caused a decrease in pERK1/ERK1 (2-way
ANOVA, genotype effect F(2,36)=5.93, p<0.01; post-hoc test
p<0.01 vs. w/t+FLX) and pERK2/ERK2 (2-way ANOVA, genotype
effect F(2,36)=4.40, p<0.05; post-hoc test p<0.05 vs. w/t+FLX)
after drug administration (Fig. 1B, C). In the prefrontal cortex, only
a decrease in the pCaMKIla/CaMKIlo ratio was observed in
fluoxetine-treated male Creb1™H2CERT2 mjce vs. wjt mice
(2-way ANOVA, genotype effect F(2,36)=3.65, p<0.05; post-hoc
test p<0.05) (Fig. 1D-F). All the assessed parameters in
Creb1™PH2CreERT2Crem_ |~ males had a similar pattern of changes
as in the w/t animals.
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Fig. 1. Immunoblotting studies of CaMKIlx and ERK1/2 phosphorylation in the hippocampus and prefrontal cortex of wild-type, Creb1™H2CTERT2 and Creb1TPH2CreERT2Crem
male mice after fluoxetine treatment.Western blot analyses of the effects of fluoxetine administration on the phosphorylation levels of (A, D) CaMKlle, (B, E) ERK1, and (C, F) ERK2 in
the hippocampus (top panel) and prefrontal cortex (bottom panel) of wild-type, Creb1™H2CrERT2 and Creb1™H2CrERT2Crem - |- mice. Representative blots show phospho(Thr286)
CaMKllo, CaMKIlo, phospho-ERK1, ERK1, phospho-ERK2, ERK2 and GAPDH in saline-treated (wells 1-3) and fluoxetine-treated (wells 4-6) wild-type (wells 1,4), Creb1TPH2CreERT2
(wells 2,5) and Creb1™H2CeERT2Crem_/_ (wells 3, 6) mice. Data are presented as the mean = SEM. * p<0.05, ** p<0.01, *** p<0.001; w/t - wild type, SAL - saline, FLX - fluoxetine,

HIP - hippocampus, PFC - prefrontal cortex, N = 6-8.
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Selective depletion of CREB in serotonergic neurons of female mice
increases phosphorylation of ERK1/2 in the prefrontal cortex after
chronic fluoxetine treatment

Although the upregulation of BDNF after fluoxetine treatment
was observed in the hippocampus of w/t female mice as well [8], here
we did not notice any changes in the level of phosphorylation of
CaMKII({, ERK1 or ERK2 in this structure caused by drug mutation
(Fig.2A-C).Theratio of pCaMKIlo/CaMKIl« in the prefrontal cortex of
females did not change after drug treatment (Fig. 2D). However, in
the prefrontal cortex, fluoxetine induced an increase in the
phosphorylation of ERK1 (2-way ANOVA, genotype effect
F(2,35)=8.14, p<0.01; post-hoc test p<0.001 vs. w/t+FLX) and
ERK2 (2-way ANOVA, genotype effect F(2,35)=12.51, p <0.0001;
post-hoc test p <0.0001 vs. w/t+FLX) in Creb1T"H2CeERT2 femj]es
(Fig. 2E, F), and this effect was not observed in male mice (Fig. 1E, F).

Chronic desipramine treatment does not influence the level of BDNF
protein in the hippocampus or prefrontal cortex of mice

Similar to our previous studies, fluoxetine induced BDNF
upregulation in the hippocampus of mice, and CREB deficiency in
serotonergic neurons abolished this effect [8]. We investigated
whether a similar effect can be observed in mice lacking CREB and
CREM in noradrenergic neurons of LC after exposure to desipramine,
which is a selective noradrenaline reuptake inhibitor. Therefore, we
selectively performed analogous experiments in mice devoid of CREB
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in noradrenergic neurons (Creb1PBH“® and Creb1PBH"*Crem-/-
transgenic mice). However, in this case, the immunoblotting results
did not show any impact of chronic desipramine administration on the
expression level of BDNF, neither in the hippocampus nor in the
prefrontal cortex of mice, regardless of genotype or sex (Fig. 3). We
observed only an increase in the BDNF expression level induced by
selective depletion of CREBin the noradrenergic system, butonly in the
prefrontal cortex of female Creb1PBH¢® mice with a preserved CREM
gene (2-way ANOVA, genotype effect F(2,35)=7.20, p<0.01; post-hoc
test p<0.01 vs. w/t+SAL).

Selective depletion of CREBin noradrenergic neurons with simultaneous
CREM ablation affects the phosphorylation profile of CaMKlla and
ERK1/2 after chronic desipramine treatment in male mice

Although we were not able to confirm the enhancement of BDNF
expression after desipramine treatment that has been often reported
in other studies [19,20], we investigated whether desipramine
causes any differences in the pattern of phosphorylation of the
investigated kinases because the lack of BDNF regulation does not
exclude the existence of changes at the level of kinases, which might
simply be too subtle to evoke further effects. In fact, in the
hippocampus, we observed that desipramine decreased the pool of
active CaMKll« only in the Creb1PBH™Crem-/- male mice (2-way
ANOVA, genotype x drug F(2,47)=3.90, p<0.05; post-hoc p<0.01
vs. Creb1PBHC®Crem-— /- + SAL), while no changes were observed in
the w/t or Creb1PBH® males after drug administration (Fig. 4A).
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Fig. 2. Immunoblotting studies of CaMKIla and ERK1/2 phosphorylation in the hippocampus and prefrontal cortex of wild-type, Creb1™H2CreERT2 g Creb1TPH2CreERT2Crem /-
female mice after fluoxetine treatment.Western blot analyses of the effects of fluoxetine administration on the phosphorylation levels of (A, D) CaMKll«, (B, E) ERK1, and (C, F) ERK2
in the hippocampus (top panel) and prefrontal cortex (bottom panel) of wild-type, Creb1TPH2CreERT2 3 Creb1 ™H2CreERT2Crem— - mice. Representative blots show phospho
(Thr286)CaMKIlla, CaMKIla, phospho-ERK1, ERK1, phospho-ERK2, ERK2 and GAPDH in saline-treated (wells 1-3) and fluoxetine-treated (wells 4-6) wild-type (wells 1, 4),
Creb1TPH2CreERT2 (\ells 2, 5) and Creb1 P2 ERT2Crem— /- (wells 3, 6) mice. Data are presented as the mean -+ SEM. * p<0.05, ** p<0.01, *** p<0.001; w/t - wild type, SAL - saline,

FLX - fluoxetine, HIP - hippocampus, PFC - prefrontal cortex, N = 6-8.
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Fig. 3. Lack of a chronic desipramine treatment effect on the BDNF protein expression level in wild-type, Creb1°2H¢"® and Creb1PBHC"®Crem-/- mice.

Western blot analyses of the effects of desipramine administration on the BDNF expression levels in the hippocampus (top panel A, B) and prefrontal cortex (bottom panel C,
D) of wild-type, Creb1PBHC™® and Creb1PBH"®Crem-/- mice. Representative blots show BDNF and GAPDH in saline-treated (wells 1-3) and desipramine-treated (wells 4-6)
wild-type (wells 1, 4), Creb1°BHC™ (wells 2, 5) and Creb1PBH"Crem-/- (wells 3, 6) mice. Data are presented as the mean + SEM. * p<0.05, ** p<0.01; w/t - wild type, SAL -

saline, DMI - desipramine, HIP - hippocampus, PFC - prefrontal cortex, N =7-10.

Nevertheless, in the saline-treated groups, we noted lower levels of
pCaMKllo/CaMKIlw in this structure in Creb1PEH"® males compared
with the w/t (post-hoc p<0.05) and Creb1PBHC*Crem-/- (p<0.01)
groups. Similar to CaMKII, ERK phosphorylation was affected by
desipramine only in the Creb1PPH"®Crem-/- mice (Fig. 4B, C),
where the drug increased the pool of phosphorylated ERK1 (2-way
ANOVA, drug effect F(1,48)=6.05, p<0.05) and ERK2 (2-way
ANOVA, drug effect F(1,48) = 6.48, p<0.05) compared with saline-
treated double mutants (post-hoc: pERK1/ERK1 p<0.05; pERK2/
ERK2 p<0.05). Moreover, the deficiency in both CREB in the
noradrenergic system and CREM decreased the level of pERK1/ERK1
in the hippocampus (post-hoc p<0.05), while in CREB-deficient
males only, no changes were observed (Fig. 4B). In the prefrontal
cortex, we observed no changes in the phosphorylation of CaMKII
and ERK1 caused by the drug or mutation (Fig. 4D, E). However,
similar to the hippocampus, desipramine increased the pool of
PERK2 in the Creb1PBH"®Crem-/- mice (2-way ANOVA, drug effect
F(1,50)=7.99 p<0.01; post-hoc p<0.01 vs. Creb1PBHC®Crem-/-
+ SAL), while no changes were observed in the other groups of
animals (Fig. 4F).

Selective depletion of CREB in noradrenergic neurons compared with
depletion of both CREB and CREM evoked different effects on the
phosphorylation pattern of CaMKlla and ERK1/2 after chronic
desipramine treatment in female mice

ERK1 and ERK2 phosphorylation in the hippocampus of female
mice was affected differently by desipramine in mutants depend-
ing on whether the genetic background was CREM+/+ or CREM-/-
(Fig. 5B, C). The 2-way ANOVA of the pERK1/ERK1 ratio showed

significant interaction of genotype x drug F(2,38)=4.95 p<0.05,
while post-hoc test revealed that the phosphorylation of ERK1 in
Creb1PBHC®Crem—/- after chronic desipramine treatment is
enhanced in comparison to w/t+DMI (p<0.01) mice (Fig. 5B).
Moreover, similar pattern of changes was observed regarding ERK2
phosphorylation, where the significant effect of interaction was
noted (2-way ANOVA, genotype x drug F(2,38)=6.14 p<0.01),
while post-hoc test indicated significant increase of ERK2
phosphorylation  after  desipramine  administration in
Creb1PBHC"Crem—/- compared with wjt+DMI (p<0.01) and
Creb1PBHC® + DMI (p<0.05) females (Fig. 5C). Nevertheless, no
differences in the phosphorylation of ERK1 and ERK2 were
observed between w/t and Creb1PBHC female mice treated by
desipramine, which underlines the discrepancy between the
effects of single CREB deletion and additional CREM KO back-
ground on the efficacy of this drug.

The pool of active CaMKIl« in the hippocampus of female mice
was not affected by the genotype or desipramine (Fig. 5A);
however, in the prefrontal cortex, the mutation itself induced an
increase in CaMKlla phosphorylation in the Creb1PBH®Crem-/-
group (2-way ANOVA, genotype effect F(2,39) =4.83 p<0.05; post-
hoc p<0.01 vs. Creb1PBHre+SAL), while no drug effects were
observed in any of the studied groups of animals (Fig. 5D).
Moreover, we observed no changes in ERK1/2 phosphorylation in
this structure in females (Fig. 5E, F).

Discussion

The data presented in this paper are a further step in our studies
exploiting the pivotal role of CREB residing in serotonergic or
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mice after desipramine treatment. Western blot analyses of the effects of desipramine administration on the phosphorylation levels of (A, D) CaMKlla, (B, E) ERK1, and (C, F)
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desipramine, HIP - hippocampus, PFC - prefrontal cortex, N = 8-10.

noradrenergic neurons in the mechanism of antidepressant
therapies, the protein which is a transcription factor often regarded
as a convergence point of transduction pathways involved in
depression etiopathology [21]. Previously, we showed that animals
with CREB deletion selectively restricted to these two important
neuromodulatory systems in depression exhibited different
reactivity to antidepressants than wy/t littermates, depending on
whether the genetic background is CREM+/+ or CREM-/- [7].
Moreover, in the next study, selective CREB deletion restricted to
serotonergic cells was shown to counteract BDNF upregulation
evoked by chronic fluoxetine administration [8]. However, this
effect was not confirmed in parallel experiments with Creb1PBHCre
and Creb1PBHC"Crem-/- mice exposed to desipramine (Fig. 3). We
assessed the phosphorylation and total level of kinases that are
possibly involved in the BDNF-CREB-BDNF positive feedback loop,
and CaMKII and ERK1/2 in both transgenic lines were investigated.
In this study, our aim was to assess how chronic antidepressant
treatment affects two kinases (CaMKIla and ERK1/2) that act
upstream or downstream of BDNF signaling. We narrowed
our research to two brain structures, the hippocampus and
prefrontal cortex, which have a well-established role in cognitive
processes and depression and are also related to alterations in
BDNF levels [22].

Our results showed that along with BDNF upregulation, chronic
treatment with fluoxetine causes an increase in the pool of active
CaMKllx in w/t males, while Creb1TPH2CreERT2 mjjes showed a
decrease in the phosphorylation of CaMKIla and ERK1/2 in the

hippocampus after administration of this drug. CaMKIl« is a highly
abundant protein in the brain, where it composes 1% of the total
protein and up to 2% of the total protein in the hippocampus [23].
CaMKIla plays a pivotal role in the process of synaptic plasticity
after it is activated by Ca?*/calmodulin, which triggers autophos-
phorylation at Thr286, making this kinase independent of Ca®*
stimuli [24]. A number of studies have shown that fluoxetine,
similar to other SSRIs such as paroxetine, increases the activity of
CaMKll«, upregulates its protein expression or Thr286 phosphory-
lation after chronic, but not acute, treatment in the rat brain
[25-27]. The interaction is complex and depends on the duration
and route of drug administration (intraperitoneal injections vs.
osmotic pumps), and our results for wild-type males were
consistent with previous findings. However, selective ablation of
CREB in serotonergic neurons decreased phosphorylation of
CaMKIla along with a simultaneous blockade of BDNF upregulation
evoked by fluoxetine. These two effects could be connected,
according to recent findings indicating that the inhibition of
CaMKllax in electrically stimulated neurons represses BDNF
expression, leading to marked suppression of neurite outgrowth
[28], which explains the results observed in the hippocampus of
the Creb1™H2CeERT2 male mice. These animals also exhibited
diminished phosphorylation of ERK1/2 in the hippocampus after
fluoxetine administration, while no changes were detected in the
other groups of males. Studies on ERK kinases after the
administration of SSRI drugs and antidepressants in general have
suggested conflicting results [29]. It has been shown that acute
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desipramine, HIP - hippocampus, PFC - prefrontal cortex, N = 6-8.

fluoxetine either does not influence [30] or reduces the phosphor-
ylation of ERK1/2 [31], while 3 weeks of administration of this drug
or a different SSRI (escitalopram) decreases the pERK1/2 expres-
sion level in the rat prefrontal cortex and hippocampus [30,32].
However, opposite results have also been observed; after 3 weeks
of fluoxetine treatment, phosphorylation of both ERK2 and CREB
increased in the rat hippocampus [33]. Furthermore, acute
application of a MEK inhibitor that prevents the activation of
ERK has been shown to render mice irresponsive to antidepressant
drugs in a forced swim test[34] and induce a depressive phenotype
in Bdnf*/~ heterozygous mice. In our studies, no significant impact
of fluoxetine on ERKs was observed in wild-type animals, which
may be influenced by the use of the C56BL6/N mouse strain, while
most of the findings cited above were observed in rats. However,
parallel effects, such as a decrease in ERK1/2 phosphorylation and a
drug-resistant phenotype in the tail suspension test after
fluoxetine administration induced by selective depletion of CREB
in serotonergic neurons, as observed previously [7], suggest an
important role for ERK1/2 in the mechanism of fluoxetine action, at
least in males. Overall, in the current study, we notably observed a
concomitant pattern of changes in the CREB-dependent regulation
of CaMKIla and ERK1/2 signaling with the previously observed
impact on this mutation on BDNF expression after chronic
treatment with fluoxetine [8] in a male cohort of mice.
However, in females, fluoxetine had no impact on any of the
investigated kinases in the hippocampus and prefrontal cortex,
although we previously reported an increase in BDNF in both

brain structures [8]. Moreover, selective depletion of CREB in
Creb1TPH2CreERT2 myjce induced upregulation of pERK1/2 in the
female prefrontal cortex, contrary to downregulation of pERK1/2
that was observed in the male hippocampus. These differences
may be not surprising considering this particular drug because
sex differences in the responsiveness to SSRIs have been observed
in many studies and in clinical treatment [35]. Divergent
pharmacokinetics and pharmacodynamics between males and
females may account for this phenomenon, as females tend to
have higher than males plasma levels of norfluoxetine, which is a
metabolite of fluoxetine [36]. Moreover, norfluoxetine is an
inhibitor of the hepatic P450 isoenzyme CYP3A4, which affects
estrogen metabolism [37]. Furthermore, estrogens along with
progesterone have been shown to interact with serotonergic
transmission, as they modulate the expression of tryptophan
hydroxylase 2 in dorsal raphe nuclei [38]. Moreover, an ER agonist
has been shown to rescue TPH2-positive cells in the lateral part of
dorsal raphe nuclei, which are typically lost in ovariectomized
mice [39]. Overall, the serotonergic system and estrogens interact
with each other, affecting mood and cognition [40]; however,
resolving this question in Creb1 PH2CreERT2 myjce requires further
elucidation. Because the CREB mutation in serotonergic neurons
is induced by tamoxifen, which is an ER estrogen receptor
antagonist, it could be possible that this pretreatment in females
could account for the obtained results. However, only trace
amounts of tamoxifen are present in adipose tissue 10 days after
cessation of treatment [41], but we waited 21 days before starting
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experiments with CreERT2-based transgenic lines; therefore, we
assumed that apart from inducing a mutation, the effects of
tamoxifen can be neglected.

Surprisingly, in this study, we were not able to confirm the effect
of desipramine on BDNF neither in male nor female mice (Fig. 3) that
has been observed by others. Assuming the crucial role of BDNF in
transducing the effects of antidepressant treatment hypothesized by
many researchers [3], the upregulation of this neurotrophic factor
was expected after 21 days of treatment with desipramine, which has
been previously shown in many studies [20,42]. Furthermore, a
20 mg/kg dose is widely accepted in pharmacological studies as an
effective gold standard in tail suspension tests [43]. This was also
confirmed in our recent experiments showing the differentiating
effects in the reactivity to desipramine betweenw/t, Creb1°2H™ and
Creb1PBH®Crem-/- mice [7]. Furthermore, there are reports that
have not confirmed the effect of desipramine on BDNF expression
[44,45] orindicated structure-dependent regulation [46]. Moreover,
even among researchers who support the so-called neurotrophic
hypothesis of depression, there are reports that contradict this
theory, i.e., mice with forebrain deletion of BDNF have not been
shown to be associated with a depressive-like phenotype [47].
Notably, data regarding CREB-dependent regulation of BDNF after
antidepressant treatment are more robust and corroborative in
terms of serotonergic reuptake inhibitors, as these drugs were
simply more often studied [48].

Since we did not observe any positive effects on BDNF
regulation after chronic treatment with desipramine, it was not
surprising that the data regarding the involvement of CaMKII( and
ERK1/2 kinases in the mechanism of this drug action were also not
conclusive. However, the important role of CREM in the regulation
of the observed effects is notable. Specifically, additional deletion
of CREM in the Creb1PBHC®Crem-/- mice had different impacts on
changes in the pCaMKIla/CaMKIla, pERK1/ERK1 and pERK2/ERK2
ratios after desipramine treatment, particularly in the hippocam-
pus of male mice (Fig. 4A-C and 5 B, C). Although it is difficult to
draw direct conclusions, this observation is consistent with the
previous one from our behavioral study regarding different effects
of regulating the response to desipramine depending on a single
CREB or double CREB/CREM deletion [7].

Overall, our study highlights the pivotal role of CREB residing in
serotonergic or noradrenergic neurons in response to antidepres-
sant drug treatment, emphasizing the different sex-dependent
vulnerabilities to particular drugs and the important impact of
CREM on the effects of CREB deletion. Considering that the results
obtained in both transgenic lines were the subject of this study and
that there was a lack of any profound regulation of the BDNF
pathway by desipramine, it seems that future research should
focus on exploring the role of CREB in serotonergic neurons of
raphe nuclei in the context of other theories of depression (i.e.,
inflammatory and glutamatergic theories of depression), where
the impact of the transcription factor CREB has been recently
discussed as a key regulator of the described processes [21,49,50].
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