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A B S T R A C T   

We report here the involvement of the stress-responsive glucocorticoid receptor co-chaperone FKBP51 in the 
mechanism of in vivo secretion of mature BDNF (mBDNF). We used a novel method combining brain micro-
dialysis with a capillary electrophoresis-based immunoassay, to examine mBDNF secretion in the medial pre-
frontal cortex (mPFC) in vivo in freely moving mice. By combining optogenetic, neurochemical (KCl-evoked 
depolarization), and transgenic (conditional BDNF knockout mice) means, we have shown that the increase in 
extracellular mBDNF in vivo is determined by neuronal activity. Withal, mBDNF secretion in the mPFC of mice 
was stimulated by a systemic administration of S-ketamine (10 or 50 mg/kg) or S-hydroxynorketamine (10 mg/ 
kg). 

KCl- and S-ketamine-evoked mBDNF secretion was strongly dependent on the expression of FKBP51. More-
over, the inability of S-ketamine to evoke a transient secretion in mBDNF in the mPFC in FKBP51- knockout mice 
matched the lack of antidepressant-like effect of S-ketamine in the tail suspension test. Our data reveal a critical 
role of FKBP51 in mBDNF secretion and suggest the involvement of mBDNF in the realization of immediate 
stress-coping behavior induced by acute S-ketamine.   

1. Introduction 

Brain-derived neurotrophic factor (BDNF) is a secreted neurotrophic 
protein (Barde et al., 1982; Dieni et al., 2012; Sasi et al., 2017), which is 
essential for neuronal plasticity both in brain development and main-
tenance (Monteggia et al., 2007; Park and Poo, 2013). Insufficiency of 

the BDNF system was proposed as a causality factor of depression (Chen 
et al., 2001; Dunham et al., 2009; Egan et al., 2003; Hashimoto et al., 
2004; Lee and Kim, 2008; Murakami et al., 2005; Notaras et al., 2015; 
Pandey et al., 2010). In turn, intact or increased BDNF expression in the 
forebrain contributes to resistance to depression (Monteggia et al., 
2007), stress-resilience (Nasrallah et al., 2019; Yang et al., 2016). Recent 
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studies convincingly showed that BDNF signaling in the brain is an ul-
timate prerequisite for therapeutic activity of selective serotonin reup-
take inhibitors and tricyclic antidepressants (Bj€orkholm and Monteggia, 
2016; Ma et al., 2016). The specific action of these drugs was in part 
attributed to increase in BDNF expression and signaling, as well as to fast 
BDNF-independent effects on tropomyosin receptor kinase B phos-
phorylation (Rantam€aki et al., 2011; Saarelainen et al., 2003). Imme-
diate BDNF signaling is required for the effect of rapidly acting 
antidepressants ketamine (Yang et al., 2015; Zanos et al., 2016), (2R, 
6R)-hydroxynorketamine, and GLYX-13 (Fukumoto et al., 2019; Kato 
et al., 2018). A rapid antidepressant activity of ketamine in the experi-
mental studies involving a test paradigm of stress-coping suggests that 
components of stress signaling may be implemented in realization of 
ketamine’s effect. 

The stress-responsive glucocorticoid receptor co-chaperone FK506 
binding protein 51 (FKBP51; encoded by the gene fkbp5) sets the 
negative feedback sensitivity of the hypothalamic-pituitary-adrenal 
(HPA) axis, determines chronic stress susceptibility, and is associated 
with depression and response to antidepressant (Binder, 2009; Hart-
mann et al., 2012; Hoeijmakers et al., 2014; Touma et al., 2011). The 
expression of FKBP51 correlates with plasma BDNF levels in depressed 
patients (Gassen et al., 2015, 2014). FKBP51 is also required for 
stress-coping induced by paroxetine, amitriptyline, and lithium in 
stress-coping models in mice (Gassen et al., 2016). We hypothesized that 
FKBP51 mediates acute antidepressant actions by influencing BDNF 
signaling. Therefore, we set out to directly monitor the release of BDNF 
in the medial prefrontal cortex (mPFC) after treatment with the rapidly 
acting FDA-approved antidepressant S-ketamine to see if the effect of 
S-ketamine is FKBP51-dependent. 

One of the significant constraints in examining the secretion of BDNF 
and other signaling proteins in vivo is the insufficiency of existing sam-
pling methods and analytic routines. In vivo studies inferring the im-
mediate effects of BDNF signaling on fear extinction were done by either 
utilizing TrkB antagonist or by using specific BDNF scavenger proteins 
(Rosas-Vidal et al., 2018, 2014). However, these approaches are 
accompanied by a decrease in the bioavailability of BDNF or may engage 
other local effects of TrkB, or even other Trk receptors. 

Intracerebral microdialysis is a powerful in vivo method to directly 
monitor signaling molecules in the extracellular space (Anderzhanova 
and Wotjak, 2013). However, its conventional applications are fraught 
with a low recovery of macromolecules that makes proteins and peptides 
hardly detectable. A recent study introduced an interdigitated micro-
electrode biosensor that renders the measurement of BDNF in micro-
dialysates (Yoo et al., 2016). However, such a technique requires a 
relatively high sample volume (9 μl) and does not allow one multi-
plexing of the analysis. 

Here we report a novel approach that combines advanced brain 
microdialysis with a capillary electrophoresis-based immunoassay 
(CEIA), thereby providing reliable measurements of extracellular 
mBDNF in vivo with a 30 min time resolution. Using this method, we 
show that the acute antidepressant activity of S-ketamine corresponds to 
the increase in extracellular mBDNF content in the mPFC of mice and 
that this effect depends on the expression of the stress-susceptibility 
factor co-chaperone FKBP51. 

2. Methods and materials 

2.1. Animals 

Male C57BL/6 NRjMpi mice (Martinsried, Germany), male BDNFfl/ 

fl–Nex-Creþ/– (BDNF-cKO) (32) and respective wild-type (WT) mice 
(University Hospital Würzburg, Germany), Ai32(RCL- 
channelrhodopsin2– (H134R)/EYEP)fl/fl–Nex-Creþ/– mice (ChR2–Nex- 
Creþ/–) (Martinsried, Germany), and FKBP51–KO (Hartmann et al., 
2012) and respective WT mice (Martinsried, Germany; male and female) 
of 10–14 w/o were housed in cages of 4–5 individuals at 21 �C with a 

12:12 h light-dark cycle with food and water ad libitum before experi-
ments. Starting from the day of surgery, mice were single-caged; how-
ever, the visual and olfactory contacts were possible. In the experiment 
where tissue content of BDNF was assessed after S-ketamine adminis-
tration, mice were also single-caged one week until the treatment/brain 
harvesting day. Allocation of animals to experimental groups in respect 
to date of birth and litter was done using a random number generation 
approach in Excel. All procedures were done in accordance with Euro-
pean Communities Council Directive 2010/63/EU and approved by the 
Government of Upper Bavaria. 

2.2. Drugs 

S-Ketamine (Ratiopharm, Germany) and its active metabolite S- 
hydroxynorketamine (S–HNK) (Tocris, USA) were freshly dissolved in 
sterile saline and injected intraperitoneally (i.p.) in doses of 10 or 50 
mg/kg in a volume of 10 ml/kg. 

2.3. Tail suspension test (TST) 

Female WT or FKBP51–KO mice were fixed by the tail, 45 cm above 
the floor, with a distance of 15 cm to the nearest object in a light and 
sound protected chamber under dim (40 Lux) light. To avoid tail 
climbing, which is prevalent in mice on the B6 background, we funneled 
a tail through a tube during the test (plastic tube, id of 4 mm, length of 
45 mm). This prevents mice from grasping the tail grasp and, thus, from 
climbing. Mice were tested in a withing-subject experimental design 
with single S-ketamine injection and repeated TST at 30 min, 120 min 
and 24 h after drug administration. Video-recordings for 6 min and 
subsequent analysis of behavior (ANY-maze, Stoelting, Ireland) were 
done by a trained observer blinded to genotype and treatment groups. S- 
ketamine (50 mg/kg, i.p.) or saline were injected once. Struggling time, 
which served as a measure of active stress-coping and antidepressant- 
like effect, was examined 30 min, 120 min, and 24 h after the moment 
of injection in the same mice. 

2.4. Brain microdialysis and optogenetics 

The general workflow of the experiments is depicted in Fig. 1a. 
Surgeries were performed as described before (Yen et al., 2015). Co-
ordinates for guide cannula/probe with an optic fiber were AP 2.00 mm, 
ML 0.35 mm, and DV–1.50/3.50 mm, from bregma (Paxinos and 
Franklin, 2013). Animals were allowed to recover from surgery for 7 
days in individual microdialysis cages (16 � 16 � 32 cm3). A micro-
dialysis probe was inserted into the implanted guide cannula under short 
isoflurane anesthesia (2% in air) 18 h before the basal samples collec-
tion. The optogenetic stimulation experiment was performed in anes-
thetized animals (isoflurane 2% in oxygen) on the day of surgery/probe 
implantation. Microdialysis probes CMA12 HighCO Metal Free, 100-kDa 
cut off, 2 mm membrane (CMA Microdialysis, Sweden, Cat.N. 8011222) 
were used in all experiments. 

The perfusion line comprised of FET tubing (0.15 mm ID, Micro-
biotech Se, Sweden), a 15 cm-PVC inset tubing (0.19 mm ID, Elemental 
Scientific, USA), and a dual-channel liquid swivel (Microbiotech Se, 
Sweden). Before the experiment, lines were perfused for 8 h with 5% 
polyethylenimine (Sigma-Aldrich Cat.N. 408727) in sterile water to 
reduce unspecific binding and then washed with sterile water for 24 h. 
The perfusion medium was sterile RNase free Ringer’s solution (Boo-
Scientific, USA) containing 1% BSA (Sigma-Aldrich, Cat.N. A9418). The 
perfusion medium was delivered to the probe at a flow rate of 0.38 μl/ 
min with a syringe pump (Harvard Apparatus, USA) and withdrawn at a 
flow rate of 0.40 μl/min with a peristaltic pump MP2 (Elemental Sci-
entific, USA), thus ensuring drainage of the perfused area. 

Basal samples were collected before a stimulation phase that allowed 
us to express changes in the extracellular mBDNF content of each sample 
as a percent to averaged initial values. KCl (60 mM, in Ringer’s solution, 
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equilibrated in the total osmolality by reducing the NaCl concentration) 
was delivered locally to the probe in a 10 min pulse mode using a liquid 
switch (Univentor, Ltd, Malta). Drugs (S–HNK or S-ketamine) were 
injected acutely i.p. 

For optical stimulation of ChR2, pulsed (15 ms at 10 Hz, Master-8, A. 
M.P.I., Israel) laser light (Omicron-Laserage, Rodgau-Dudenhofen, 
Germany, LightHUB-4) of 460 nm was applied. The laser output was 
set to measure 5 mW or 10 mW at the single fiber tip (CFML12L20, 200 
μm diameter, cut flat to 7 mm length, Thorlabs, USA). The fiber implants 
were placed close to the microdialysis probe within the perfused area. 

Thirty minutes microdialysis fractions were collected on ice into 1.5 
ml protein LoBind tubes (Eppendorf, Germany) preloaded with 0.5 μl of 
a cocktail of protease inhibitors 1:50 (Roche, Cat.N. 4693159001), 
immediately frozen on dry ice and further kept at � 80 �C. After the 
experiments mice were killed in isoflurane overdose, probes were 
removed, brains collected and frozen for verification of the probe’s 
placement. Representative cryosections (25 μm, stained with cresyl vi-
olet) of the target region within the mPFC are shown in Fig. s1a. 

2.5. Tissue sampling 

To examine the tissue levels of mBDNF in the mPFC of WT and 
FKBP51–KO mice were decapitated 90 min after S-ketamine (10 mg/kg, 
i.p.) or saline injections. Brains were collected and stored at � 80 �C. 
mPFC dissection was done with a 0.5 mm ID stainless steel micro- 
puncher (FST, Germany) during brain cryosectioning (Yen et al., 2015). 

2.6. Capillary electrophoresis-based immunoassay (CEIA) 

The advanced CEIA utilizes the separation of protein in a small 
diameter glass capillary. The capillaries are impermeable for proteins; 
all molecules subjected to the analysis retain inside and are immobilized 
to the capillary wall through a chemical UV-activated capture. This 
approach increases the sensitivity of protein blotting; therefore, the 
original method developed by ProteinSimple is a method of choice when 
an analysis is limited by a small amount of a biological sample or by low 
expression levels of target proteins (ProteinSimple, 2019). Micro-
dialysates contain a low quantity of molecules of interest due to their 

lower recovery during filtration via a semipermeable membrane. 
Therefore, CEIA was chosen to analyze the mBDNF content in our 
experiments. 

To assess the mBDNF content in brain samples, tissues were lysed in 
50 mM Tris, 150 NaCl, 1 mM Na2-EDTA buffer containing a cocktail of 
protease inhibitors (Sigma-Aldrich, USA), sonicated and heated at 95 �C 
for 10 min. Microdialysis samples were treated in accordance to the 
protocol of gel-free CEIA (ProteinSimple, USA). Five μl of biological 
samples were used for the analysis (of total 12 μl collected plus 0.5 μl 
cocktail of protease inhibitors). Separation and immunodetection of 
proteins were done using the WES Simple immuno-blotting system 
(ProteinSimple, 2019). The primary antibodies were: anti-mBDNF 
(1:50–1:500), polyclonal Sigma-Aldrich, Cat.N. SAB1405514, mono-
clonal Icosagen, Estonia, Cat.NN 327-100, 328-100, 329-100 (both types 
were produced by immunization with a full-length recombinant mature 
human BDNF); anti-proBDNF 32 kDa (1:500) NovusBio, Cat.N. 
NBP2-36693; anti-H4 (1:1000) NovusBio, Cat.N. NBP2-16848; anti--
AKT1 (1:1000) NovusBio, Cat.N. NBP1-51602. Secondary antibodies 
were anti rabbit polyclonal IgG (Cell Signalling, Cat.N. 7074). 

2.7. Dopamine measurement 

Dopamine measurement in microdialysates was done with HPLC 
with electrical detection, as previously described (Yen et al., 2015). The 
Ultimate3000 system (ThermoFisher scientific was employed for 
monoamine measurement. Separation was done on a stationary phase 
column YMC-TriArt C18, 150 mm � 3 mm (YMC, Japan) with a mobile 
phase containing phosphate-citrate buffer, pH ¼ 3.9 and 6% of ACN. The 
electrode potential were set at � 75 mV, 220 mV and 350 mV (guard cell) 
with gain of 2 nA. Quantification was performed using external standard 
calibration (0.1–5 nM). LOD for dopamine was 0.06 nM. 

2.8. Statistical analysis 

Data (mean � SEM) were analyzed using the GraphPad Prism 7.0 
software. Microdialysis data is expressed as a percent to mean basal 
values. Total mBDNF tissue levels were normalized to values from 
saline-treated groups. The sample size calculations were done using 

Fig. 1. mBDNF in microdialysates of freely moving mice. 
a. General workflow of a microdialysis experiment. 
b. mBDNF is detectable in medial prefrontal cortex (mPFC) lysates in wild type (WT) mice, but not in BDNF conditional KO (BDNF-cKO) mice. Abs – monoclonal 
antibodies. I1 – Icosagen Cat.N. 100–327; I2 – Icosagen Cat.N. 100–327; I3 – Icosagen Cat.N. 100–329. 
c. Neither cytosolic nor nuclear proteins appear in microdialysates of mPFC. AKT1 - RAC-alpha serine/threonine-protein kinase, H4 - histone H4. 
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GPower 3.1 (Franz Faul, Heinrich-Heine-Universit€at Düsseldorf). All 
microdialysis experiment were done based on estimated Cohen’s d >
1.5. Taking α ¼ 0.05, and 1-β ¼ 0.8, the initial group size was n ¼ 6. 
Design of the behavioral experiment was set assuming lower effect size 
(Cohen’s 1.0 < d < 1.5, α ¼ 0.05, and 1-β ¼ 0.8) that resulted in initial 
group size n ¼ 8. The final groups size varied from n ¼ 3 to 6 (see the 
figures and figure legend in respect to a specific experiment). Data were 
checked for outliers using the ROUT protocol, Q ¼ 1% (Motulsky and 

Brown, 2006). Comparisons of means were done using the two-tailed 
unpaired Student’s t-test. The one-way, two-way or three-way 
ANOVAs were performed with subsequent posthoc tests (Tukey’s or 
Sidak’s) when appropriate to examine the effects of genotype, opto-
genetic, or pharmacological stimulation. P-values < 0.05 were consid-
ered statistically significant. 

Fig. 2. mBDNF secretion in response to local depolarization and systemic pharmacological intervention. 
Infographics show the location of the microdialysis probe. 
a. Optogenetic stimulation with blue light of 10 mW (n ¼ 4), but not with 5 mW (3) results in a sharp transient increase in extracellular mBDNF levels in the mPFC. 
Bar indicates the period of stimulation. * - p < 0.05, when compared between two groups in a Tukey’s multiple comparison test or, when compared with baseline 
samples, in an unpaired Student’s test. 
b. KCl (60 mM)-evoked depolarization in the mPFC is accompanied by a moderate transient elevation of extracellular mBDNF levels. Bar indicates the period, during 
which the pulse stimulation was applied. n ¼ 6; **** - p < 0.0001, ** - p < 0.01, when compared with baseline samples in a Tukey’s multiple comparisons test. 
c. S-hydroxynorketamine (10 mg/kg) evoked an increase in extracellular mBDNF content in WT (n ¼ 4) but not in BDNF-cKO mice (n ¼ 4). ** - p < 0.01, * - p < 0.05, 
when compared with baseline samples in a Tukey’s multiple comparisons test. 
d. S-hydroxynorketamine (10 mg/kg, n ¼ 4) but not saline (n ¼ 4) evoked an increase in extracellular BDNF content in C57Bl/6N mice. **** - p < 0.01, * - p < 0.05, 
when compared between two groups in a Tukey’s multiple comparison test. 
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3. Results 

3.1. Capturing mBDNF from microdialysates 

CEIA enabled a stable detection of mBDNF protein in mPFC micro-
dialysates. To confirm the signal specificity, we compared blots of mPFC 
tissue lysates from WT and BDNF-cKO mice using primary monoclonal 
mBDNF antibodies of three different clones (Icosagen). In WT mice all 
monoclonal antibodies produced a solid immunoreactivity signal at 26 
kDa, corresponding to MW of the dimerized mBDNF molecule (Fig. 1b). 
We rarely observed quantifiable signal in the range of 12–13 kDa cor-
responding to the molecular weight of the BDNF monomer (Leibrock 
et al., 1989) (Fig. 1b, Fig. s1c). In contrast, both in tissue lysates (Fig. 1b) 
and in microdiaysates (Fig. 2c, blots are not shown) of BDNF-cKO mice, 
mBDNF specific signal at 26 kDa was largely reduced. Detection of BDNF 
with primary polyclonal mBDNF antibodies (Sigma-Aldrich) revealed 
the same finding (Fig. s1 b). 

Since it could not be excluded that mBDNF detected in the micro-
dialysates may spillover into the extracellular space from destroyed 
cells, we looked for proteins that are indicative for impaired cell integ-
rity, such as the cytosolic protein marker kinase AKT1 (55 kDa) and the 
nuclear protein histone H4 (11 kDa). Both proteins were undetectable in 
microdialysates (Fig. 1c). The examination of sequential baseline sam-
ples indicated the durability of the relative extracellular mBDNF levels 
at basal conditions. Thus, the analysis of the data present in Fig. 3b1 
proved no difference across four basal samples in each experimental 
group (one-way ANOVA: dfs ¼ {(3,20. (3,16)}, Fs < 1.451, ps > 0.258). 

3.2. The origin and responsiveness of measured extracellular mBDNF 
levels 

In order to test if principal cortical neurons are, indeed, a major 
source of mBDNF measured in mPFC microdialysates, we applied 
optogenetics in combination with microdialysis. Neuronal depolariza-
tion evoked by stimulation of ChR2 with 460 nm light of 10 mW, but not 
of 5 mW, elicited a 6-fold increase in the mBDNF levels in the mPFC of 
ChR2–Nex-Creþ/– mice (Fig. 2a, Fig. s1c). Two-way ANOVA revealed 
significant effects of time (F (4,20) ¼ 7.25, p ¼ 0.001)and light intensity 
(F (4,20) ¼ 6.93, p ¼ 0.001), as well as a time x light intensity inter-
action (F (1,5) ¼ 9.95, p ¼ 0.025). Every subject in the 10 mW group 
showed an increase in the extracellular mBDNF (unpaired Student’s t- 
test, t ¼ 3.62, df ¼ 6, p ¼ 0.01, Fig. 2a inset). The observed difference in 
the effect of stimulation with 10 mW and 5 mW light may be due to a 
relatively moderate ChR2 expression in neurons in these mice. Opto-
genetic stimulation with the light of both intensities did not result in any 
changes in proBDNF levels, which were also measured in this experi-
ment. Two-way ANOVA revealed no significance for any of the factors or 
factorial interactions: dfs ¼ {16,4,1}, Fs < 2.57, ps > 0.18 (Fig. s1e.1, 
1e.2). 

In the next experiment, cell type-unspecific depolarization with a 
local 10 min pulse of 60 mM KCl resulted in a moderate transient 
elevation of extracellular mBDNF levels in the mPFC of freely moving 
WT mice. This effect also points at a neuronal origin of a stimulation- 
evoked increase in the extracellular mBDNF levels (one-way ANOVA, 
F (5,20) ¼ 14.23, p < 0.0001, Fig. 2b; unpaired Student’s t-test, t ¼ 6.17, 
df ¼ 10, p ¼ 0.0001, Fig. 2b inset). 

We subjected BDNF-cKO and WT mice to systemic treatment with 
S–HNK (10 mg/kg, i.p.). In BDNF-cKO mice, mBDNF was not detectable 
in the microdialysates. In WT mice the treatment resulted in a rapid 2.5- 
fold elevation of extracellular mBDNF in the mPFC (one-way ANOVA, F 
(4,15) ¼ 7.93, p ¼ 0.001), (Fig. 2c). We proved that the effect was 
specific to S–HNK and did not result from a possible injection stress 
(Naplekova et al., 2019). S–HNK (10 mg/kg, i.p.) evoked a 2.5-fold in-
crease in extracellular mBDNF in the mPFC of C57Bl/6 mice, while a 
saline injection did not result in any changes (two-way ANOVA (time 
and treatment): time: (F (3,18) ¼ 13.33, p < 0.001) treatment: (F (1,6) 

¼ 71.72, p ¼ 0.001), interaction: (F (3,18) ¼ 11.98, p ¼ 0.002) Fig. 2d). 

3.3. Role of FKBP51 in S-ketamine evoked antidepressant action and 
BDNF secretion 

An immediate NMDA receptor-independent antidepressant effect of 
S–NHK has recently been reported in mice (Zanos et al., 2016). The 
strong potency of S–HNK to increase extracellular mBDNF levels sug-
gests that stress-coping, which is facilitated by the drug, may depend on 
acute changes in BDNF signaling. Following this idea, we examined the 
behavioral and neurochemical effects of S-ketamine in FKBP51–KO mice 
with an increased capacity to cope with stress (Hartmann et al., 2012; 
Hoeijmakers et al., 2014; Touma et al., 2011). 

The antidepressant activity of S-ketamine (50 mg/kg, i.p) in 
FKBP51–KO and respective WT female mice was evaluated in a series of 
TSTs by measuring struggling time. Tests were performed 30 min, 120 
min, and 24 h after injection. Three-way mixed effect ANOVA revealed 
the significant effects of time (F(2,63) ¼ 5.33, p ¼ 0.007), genotype (F 
(1,63) ¼ 31.47, p < 0.0001), and treatment (F(1,63) ¼ 15.90, p ¼
0.0002 with no factorial interaction (F(2,63) ¼ 0.331, p ¼ 0.719) 
(Fig. s1g). Subsequent two-way ANOVA proved that S-ketamine showed 
an antidepressant-like activity 30 min (treatment F (1,18) ¼ 15.99, p ¼
0.0008, Fig. 3a left panel) and 120 min (two-way ANOVA, treatment F 
(1,20) ¼ 7.787, p ¼ 0.011, Fig. 3a middle panel) after injection in WT 
mice. The genotype difference was also confirmed for observation were 
made at 30 and 120 min after injection (F(1,18) ¼ 47.45, p < 0.001 and 
F(1,20) ¼ 14.30, p ¼ 0.001, respectively). FKBP51–KO mice showed 
reduced struggling from the very beginning with no significant poten-
tiation by S-ketamine. The difference between genotype disappeared 24 
h after injection (two-way ANOVA, genotype F (1,20) ¼ 1.417, p ¼
0.247 and the effect of treatment showed only a tendency of significance 
(F(1,20) ¼ 3.232, p ¼ 0.087 Fig. 3b right panel, also, Fig. s1g). No 
significant effect of main factors’ interaction was found across all time 
points dfs ¼ {(1,18), (1,20), (1,20)}, (Fs < 1.583, ps > 0.222). 

We performed microdialysis measurements of extracellular mBDNF 
in the mPFC of FKBP51–KO and WT male mice during acute S-ketamine 
treatment (10 or 50 mg/kg, i.p.) (Fig. 3b). S-ketamine with a 90 min 
delay dose-dependently increased the extracellular mBDNF levels in WT 
mice. Surprisingly, at both doses, S-ketamine did not change the extra-
cellular content of mBDNF in FKBP51–KO mice. Two-way ANOVA of the 
S-ketamine 10 mg/kg effect showed a significant genotype (F (1,99) ¼
15.67, p ¼ 0.0001), but no time (F (10,99) ¼ 1.42, p ¼ 0.183) or 
interaction effect (F (10,99) ¼ 1.64, p ¼ 0.103), Fig. 3b1). Treatment 
with S-ketamine 50 mg/kg caused an even more pronounced increase in 
mBDNF levels in WT mice, again without any effect in FKBP51–KO mice. 
Two-way ANOVA revealed a significant genotype (F (1,25) ¼ 26.63, p <
0.001) and a genotype � time interaction effects (F (5,25) ¼ 6.94, p <
0.001), but no significant time effect F (6,25) ¼ 2.52, p ¼ 0.095 
(Fig. 3b2). 

We enquired if the transient increase in the extracellular mBDNF is 
mirrored in changes in total mBDNF levels in the mPFC upon S-ketamine 
treatment. In an independent experiment, we showed that S-ketamine 
(10 mg/kg i.p.) did not evoke any significant changes in mPFC tissue of 
total mBDNF (normalized to saline-treated group) both in WT and 
FKBP51–KO male mice 90 min after injection (unpaired Student’s t-test 
in WT mice: ts < 0.942, dfs ¼ {5,10}, ps > 0.273, Fig. 3c). 

The essential role of FKBP51 controlling extracellular BDNF levels 
was also observed for depolarization-evoked release. Local perfusion 
with 60 mM KCl in the mPFC increased the extracellular mBDNF content 
in WT, but not in FKBP51–KO mice. Two-way ANOVA (time, genotype) 
showed a significant time (F (3,27) ¼ 17.28, p < 0.001) and genotype 
effect (F (1,27) ¼ 7.22, p ¼ 0.024) as well as time � genotype interaction 
(F (3,27) ¼ 6.01, p ¼ 0.003), Fig. 3d1). Moreover, the genotype differ-
ence was an effective factor for mBDNF, specifically, since 60 mM KCl 
evoked dopamine release similarly in FKBP51–KO and WT mice. Two- 
way ANOVA showed a significant time effect (F (3,20) ¼ 3.87, p ¼
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Fig. 3. FKBP51-determined effect of ketamine on mBDNF secretion in the mPFC of mice. 
a. Infographics describe the design of the experiment. Struggling time of WT and FKBP51–KO (KO) mice shown in a serial TST (performed 30 min, 120 min or 24 h 
after S-ketamine (50 mg/kg, i.p.) injection. *** - p < 0.001, ** - p < 0.01, and * - p < 0.05, when compared in a Tukey’s multiple comparisons test. Number on the 
bars represent the group size (apparent difference is due to exclusion of two outlier values). 
b. Infographics describe the design of the experiment and schematically show a probe placement. mBDNF secretion in the mPFC peaks 90 min after S-ketamine was 
injected in doses of 10 mg/kg, i.p., (b.1, n ¼ 6/5) and 50 mg/kg, i.p (b.2, n ¼ 3/3). Arrows indicate the time of drug injection. **** - p < 0.0001, ** - p < 0.01, when 
compared between WT and FKBP51–KO (KO) mice in a Sidak’s multiple comparison test. 
c. Infographics describe the design of the experiment and show the area or micro-punch dissection of the mPFC. Relative changes in the tissue content of BDNF in the 
prefrontal cortex after S-ketamine administration (10 mg/kg, ip). WT - wild type mice (n ¼ 3/4), FKBP51–KO (KO) (n ¼ 6/6) mice. . Number on the bars represent 
the group size. 
d. FKBP51 expression specifically affect mBDNF secretion (d.1, n ¼ 6/5), but not dopamine release (d.2, n ¼ 4/3) evoked by KCl-stimulated depolarization in the 
mPFC. Bar indicates the period, during which the pulse stimulation was applied. **** - p < 0.0001, ** - p < 0.05, when compared between WT and FKBP51–KO (KO) 
mice in a Sidak’s multiple comparison test. 
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0.025), but no genotype (F (1,20) ¼ 0.19, p ¼ 0.668) or interaction effect 
(F (3,20) ¼ 0.95, p ¼ 0.435), Fig. 3d2). 

4. Discussion 

The present study established a new experimental approach, which 
allows monitoring of BDNF secretion in the brain in freely moving mice. 
With its help, we characterized cortical glutamatergic neurons as the 
main source of BDNF release in vivo within the mPFC and demonstrated 
that the rapidly acting antidepressant S-ketamine triggers the accumu-
lation of BDNF in the extracellular space. This effect was absent in 
FKBP51 deficient mice. 

The in vivo BDNF measurements became feasible upon the modifi-
cation of a standard brain microdialysis protocol (Anderzhanova and 
Wotjak, 2013; Yen et al., 2015). A new method is exploiting a probe with 
100-kDa membrane cut off being perfused at a low flow rate in a 
push-pull mode and combining the improved sampling with CEIA for 
proteins analysis. Using this approach only 5 μl of microdialysate was 
required to measure mBDNF release in vivo with a 30 min time 
resolution. 

The mBDNF molecule primarily occurred in microdialysates as a 
homodimer. The specificity of analysis was proven by the observed 
harsh decrease in mBDNF content in microdialysates, as well as in ly-
sates from mPFC of BDNF-cKO mice with selective depletion of BDNF 
from forebrain glutamatergic neurons(Rauskolb et al., 2010). At the 
same time, a faint signal was seen in these mice proteins indicating a 
multicellular source of released BDNF in the brain, therefore, putting the 
question on the origin of the residual mBDNF to a further quest. 

However, most of BDNF is expressed in neurons (Barde et al., 1982; 
Dieni et al., 2012; Hofer et al., 1990) and the increase in BDNF secretion 
in vitro upon KCl-induced depolarization (Balkowiec and Katz, 2002; 
Fukumoto et al., 2019; Goodman et al., 1996) strongly indicates the 
neuronal origin of released BDNF molecule. As shown in the present 
study, KCl-stimulated secretion appears as a characteristic of the 
releasable pool of neuronal mBDNF also in vivo: A comparable increase 
was observed in mice with different genetic backgrounds after various 
preceding interventions (saline vs. S-ketamine vs. S–HNK). Moreover, 
our results of the optogenetic experiment in ChR2–Nex-Creþ/– mice 
further proved that the principal neurons in the mPFC are the source of 
mBDNF in the extracellular space at condition of neuronal activity 
stimulation. Strikingly, upon optogenetic stimulations, we did not 
observe any increase in the extracellular content of mBDNF precursor 
proBDNF, which is packed together with cleaved mBDNF into 
dense-core vesicles. This may indicate the mechanisms of the neuronal 
activity-dependent increase in the extracellular mBDNF levels other 
than that are engaging the devastation of dense-core vesicles (Dieni 
et al., 2012). 

To scrutinize our hypothesis on the interaction of FKBP51-dependent 
cell signaling and the mechanism of S-ketamine action, we firstly 
confirmed an antidepressant-like behavioral effect of S-ketamine in WT 
mice. Given the rather high concentration of S-ketamine (50 mg/kg) we 
cannot rule out that the increase in struggling observed in WT mice 
relates, at least in part, to a possible, but not obligatory, appearance of 
psychostimulant effects of the compound (Cruz et al., 2009). The stim-
ulant effect is, indeed, not a bound feature of the selected dose of ke-
tamine (50 mg/kg). Thus, the antidepressant activity of ketamine 
injected in the dose 50 mg/kg in the EPM test (an increase in the number 
of open arm entries) did not coincide with a measure of locomotor ac-
tivity (increase in a total number of entries) examined 30 min after in-
jection (Engin et al., 2009). The same paper states that in the open filed 
test the observed increase in the number of rearings (an indicator of 
explorative activity in this test) and the increase in the time spent in the 
central quadrant (a measure of anxiolytic effect) was not accompanied 
by changes in the number of line crossing (locomotor activity) (Engin 
et al., 2009). However, even a possibility of psychostimulant effect in the 
given experimental conditions renders the lack of significant 

“antidepressant” effects of S-ketamine in FKBP51–KO the more 
remarkable. In contrast, S-ketamine neither facilitated active coping nor 
stimulated mBDNF secretion in FKBP51–KO mice. Our results are in line 
with recent data revealing that FKBK51 reduces methylation of bdnf 
gene’s promoter in cell culture and showing a positive correlation be-
tween FKBP51 expression levels and plasma BDNF in humans (Gassen 
et al., 2015). Moreover, our data suggest that an increase in extracellular 
mBDNF appears as a link between FKBP51 and the immediate antide-
pressant action of S-ketamine. 

A comparison of behavioral and neurochemical changes reveals a 
mismatch between early onset of antidepressant-like activity of S-keta-
mine (30 min) and the delayed peak in the extracellular mBDNF content 
(90 min). This might speak against a direct involvement of acutely 
released mBDNF in antidepressant action of S-ketamine. Our study does 
not address the question on the effect of S-ketamine in animal’s 
depression models, and all experiments were performed in naïve ani-
mals with the expected characteristic difference in stress-coping. Such a 
follow-up study on depression model would be helpful to prove BDNF as 
a link between FKBP51 and antidepressant action of S-ketamine. 

The delay in peaking of mBDNF in dialysates upon S-ketamine action 
may be related to objective factors, both technical and biological. 
Firstly, a possible initial absorption of BDNF molecule in the perfusion 
line during increase of its amount would retain it inside the system for 
some time. Secondly, delay in the increase of BDNF expression, which 
occurs after single injection of ketamine (Xue et al., 2016), may 
contribute to increase in releasable fraction of BDNF. Thirdly, glia, as a 
mediator of mBDNF recycling, also may damper apparent increase in 
mBDNF accumulation (Vignoli et al., 2016). 

It is worth mentioning that, in contrast to S-ketamine, S–HNK evoked 
rapid changes in the extracellular BDNF levels. This speaks in favor of its 
specific involvement in BDNF secretion. Its antidepressant activity in 
acute stress model was reported by Zanos et al. (2019, 2016). These data 
support the role of acute changes in BDNF in the realization of the an-
tidepressant activity of ketamine. On the other hand, the psychophysi-
ological context could modify the treatment outcome, even assuming 
that the neurochemical effect is the same. Remarkably, chronic social 
defeat stress was a prerequisite to cancel the antidepressant effect of the 
active metabolite of ketamine R–HNK (Xiong et al., 2019; Zhang et al., 
2018). This would meet expectations, assuming a decrease in capacity of 
BDNF system (in terms of both BDNF availability and TrkB receptor 
expression) due to chronic stress. However, acute physiological stress 
evoked by lipopolysaccharide administration also abolished the anti-
depressant effect of R–HNK in the forced swim test (Yamaguchi et al., 
2018). In this case, an omitted therapeutic activity of R–NHK may be due 
to engagement or/and saturation of mechanisms responsible for protein 
secretion (including BDNF) at conditions of increased inflammatory 
signaling (Bussi et al., 2017; Kimura et al., 2017). 

The FKBP51-dependent increase in extracellular mBDNF after S-ke-
tamine may seem counterintuitive in perspective of the well-established 
function of FKPB51 in the development of susceptibility to chronic stress 
(Binder, 2009; Hartmann et al., 2012; Hoeijmakers et al., 2014) and the 
role of the intact BDNF system in stress resilience and responsiveness to 
antidepressant treatment (Castr�en and Kojima, 2017; Hashimoto, 2016; 
Monteggia et al., 2007; Notaras et al., 2015; Pandey et al., 2010). 
However, this incongruity could be explained, assuming that FKBP51 
acts as a ubiquitous factor orchestrating gene-environment interaction 
and permitting and/or gating the activation of intracellular signaling 
(Touma et al., 2011). Therefore, FKBP51 plays a dual role in a cell and 
mediates responses to stimuli bearing positive (antidepressants) and 
negative (stress) features. In this context, the dissociation between the 
release of BDNF and dopamine in respect to FKBP51 expression is of 
particular relevance. It would be of interest also to explore how 
S-ketamine-induced mBDNF release is changed in FKBP51–KOs and WT 
mice after chronic stress when an increase in stress-coping can be seen in 
KOs in contrast to WT mice (Hartmann et al., 2012; Touma et al., 2011). 
This would address a question on the molecular processes underlying a 
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loss in neuronal plasticity in stress-associated psychopathologies. 
This study does not dispatch the query of the exact mechanism of 

FKBP51-mediated regulation of extracellular mBDNF levels. We can 
only speculate, for instance, on the involvement of FKBP51 and 
NMDARs interaction (Blair et al., 2019; Qiu et al., 2019) in setting 
neuronal activity and, therefore, in controlling mBDNF release (Hashi-
moto, 2016; Zorumski et al., 2016). This would, however, not fully 
explain the observed increase in mBDNF either after KCl or after S–HNK. 

To sum, the present study introduced a novel method to study the 
dynamics of mBDNF secretion. The method can be used for the simul-
taneous monitoring of a set of molecules, for instance, mBDNF and 
proBDNF. In general, the multiplexing of analysis is only limited by the 
availability of specific antibodies; therefore, the approach can be 
potentially widely applied. Using the novel approach, the study revealed 
that the stress-responsive co-chaperone FKBP51 confines the extracel-
lular accumulation of mBDNF in the mPFC, which is increased by the 
antidepressant S-ketamine. Therefore, the present data suggest a direc-
tion to explore mechanisms of responsiveness to antidepressant therapy 
and to develop novel antidepressant strategies. 
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