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Background: Traumatic brain injury (TBI) is a major cause of disabilities in 
industrialized countries. Cognitive decline typically occurs in the chronic 
phase of the condition, following cellular and molecular processes. In this 
study, we described the use of KCC2, a neuronal-specific potassium–chloride 
cotransporter, as a potent biomarker to predict cognitive dysfunction after TBI.

Methods: Using neuronal and total exosome collections from the blood serum 
of the controls and patients with TBI, we were able to anticipate the decline in 
cognitive performance.

Results: After TBI, we  observed a significant and persistent loss of KCC2 
expression in the blood exosomes, which was correlated with the changes in 
the network activity and cellular processes such as secondary neurogenesis. 
Furthermore, we  established a correlation between this decrease in KCC2 
expression and the long-term consequences of brain trauma and identified a 
link between the loss of KCC2 expression and the emergence of depressive-like 
behavior observed in the mice.

Conclusion: We successfully validated our previous findings, supporting the 
potential therapeutic benefits of bumetanide in mitigating post-traumatic 
depression (PTD) following TBI. This effect was correlated with the recovery of 
KCC2 expression in the blood exosomes, the prevention of extensive neuronal 
loss among the interneurons, and changes in secondary neurogenesis.
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Introduction

According to the World Health Organization (WHO), traumatic brain injury (TBI) is the 
leading cause of disability worldwide, with a high incidence in developed countries (Meyer 
et al., 2008; Bondi et al., 2015). TBI is classified according to multiple factors, such as impaired 
neurological functions, affected brain areas, and genetic alterations. Long-term consequences 
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of TBI include post-traumatic epilepsy (Kelly et al., 2015; Bragin et al., 
2016), cognitive dysfunction, and depressive-like behaviors (Peeters 
et al., 2015; Perry et al., 2016). Mitigating the consequences of TBI is 
both socially and economically crucial (Kessler et al., 2009) as most 
individuals struggle to resume a normal life and return to work.

The prevalence of post-traumatic depression (PTD) after TBI 
presents with a depressed mood, loss of interest or pleasure, sleep or 
appetite disturbances, and poor concentration (Roddy et al., 2019). 
PTD is usually associated with reduced cognitive performance and 
can become chronic, leading to substantial impairments in the ability 
to perform daily tasks (Louis et al., 2007). Early diagnosis and recovery 
after TBI are of primary importance. Of the available therapies, very 
few have demonstrated a meaningful and sustained effect.

When a TBI occurs, brain damage and cell death initially take 
place, leading to inflammatory/immunologic responses, blood–brain 
barrier (BBB) breakdown (Agoston and Kamnaksh, 2019; Vigil et al., 
2019), and network rearrangements that can lead to epilepsy (Epsztein 
et al., 2005; Sloviter, 2008; Kourdougli et al., 2017). The chronic phase 
is characterized by cognitive decline (Santhakumar et al., 2001) and 
changes in cellular processes such as hippocampal secondary 
neurogenesis (Ibrahim et al., 2016). These events are observed in both 
rodents (Goubert et al., 2019) and humans (Sankar and Mazarati, 
2010). It has been suggested that changes in GABAergic 
neurotransmission play a significant role in these events across all 
brain regions, including the hippocampus and cortical layers, leading 
to sustained hyperexcitability of neural networks (Avramescu et al., 
2009; Hsieh et  al., 2016; Chandrasekar et  al., 2019). In addition, 
dysregulation of the GABAergic pathway is associated with 
impairments in chloride homeostasis in many neurological and 
psychiatric disorders. Downregulation of the neuronal-specific 
chloride and potassium cotransporter KCC2 and up-regulation of the 
chloride importer NKCC1 have been frequently observed (Medina 
et al., 2014). Changes in the expression of the chloride cotransporters 
lead to facilitated depolarization, which may affect the generation of 
physiologically relevant oscillations in brain networks (Rivera et al., 
1999; Kahle et al., 2013; Luscher and Fuchs, 2015). Previous results 
have also shown that chloride homeostasis is involved in cell survival 
(Pellegrino et  al., 2011), the regulation of neurotrophin signaling 
(Shulga et  al., 2008), inflammation (Pin-Barre et  al., 2017), and 
neurogenesis (Tunc-Ozcan et al., 2019; Carli et al., 2020) under both 
in vitro (Shulga et al., 2012) and in vivo conditions (Kourdougli et al., 
2017). Taken together, these events demonstrate that markers of 
chloride homeostasis, such as KCC2 and/or NKCC1, could be used as 
biomarkers of TBI severity.

Biomarkers are defined as biological characteristics related to 
normal or pathological activity that can be  measured in various 
biological fluids or organs to detect a disease, predict its severity, or 
evaluate the effectiveness of treatment (Patel et  al., 2014). Several 
studies have demonstrated the role of circulating exosomes as a new 
source of biomarkers for pathologies such as cancer and metabolic 
syndrome (Liu and Cao, 2016). Exosomes are nanovesicles, ranging 
from 30 to 100 nanometers in diameter, secreted by various cells and 
detected in all biological fluids (Caby et al., 2005). They can transport 
nucleic acids, proteins, and lipids specific to their cell of origin (Beach 
et  al., 2014). The involvement of exosomes in immunity and 
intercellular communication suggests great potential for these vesicles 
as diagnostic and/or prognostic biomarkers in human pathology, 
especially as an early diagnostic tool for brain injury and its 

consequences. This is particularly important since cellular and 
molecular processes often precede the appearance of cognitive decline 
(Patel et al., 2014; Brites and Fernandes, 2015; Ko et al., 2018; Sharma 
et al., 2019; Tiwari et al., 2021).

It therefore seems relevant to first demonstrate whether KCC2 is 
expressed in exosomes and then assess whether its expression changes 
after TBI. An important issue in the use of biomarkers is the correct 
identification of their origin. Interestingly, it is possible to distinguish 
neuronal-specific exosomes from total exosomes based on the proteins 
that constitute their membrane (Beach et al., 2014; Bahrini et al., 2015; 
Hashkavayi et al., 2020). Considering the difficulty of inducing brain 
cells to express different transgenes in vivo, we recently developed an 
innovative approach that can replace viral injection (Scala et al., 2019) 
and allows us to distinguish between neuronal expression in the 
central nervous system and peripheral expression. This method 
allowed us to tag brain proteins, such as KCC2, in the present study. 
Using a pharmacological treatment known to affect chloride 
homeostasis could also be  relevant for linking TBI and KCC2 
contained in exosomes. Bumetanide, a loop diuretic, specifically 
inhibits NKCC1. By blocking NKCC1, bumetanide reduces 
intracellular chloride accumulation, potentially restoring the 
inhibitory function of GABAergic neurotransmission. Studies have 
suggested that bumetanide may help reduce secondary neuronal 
damage and excitotoxicity in TBI by modulating chloride homeostasis. 
In preclinical studies, bumetanide has shown promise in reducing 
post-traumatic seizures, brain edema, and neuroinflammation.

The purpose of this study was to demonstrate that neuronal KCC2 
contained in exosomes can be used as a relevant biomarker after TBI 
in young adult mice. We demonstrated that KCC2 is expressed in 
blood serum and highlighted the presence of neuronal KCC2  in 
circulating exosomes. Furthermore, we showed that after TBI, KCC2 
expression decreases in blood exosomes and can be rescued using 
bumetanide treatment. Finally, these results are consistent with our 
previous findings regarding the role of bumetanide in preventing 
depressive-like behavior after TBI. Taken together, our study suggests 
that KCC2-containing exosomes could act as a potent biomarker for 
functional post-traumatic rehabilitation.

Materials and methods

Stereotaxic procedure

Ten-week-old C57bl6-J mice were housed in an enriched 
environment at the INMED animal facility, maintained on a 12 h 
light / 12 h dark cycle with controlled temperature (23 ± 2°C), and 
food and water were provided ad libitum. A stereotaxic procedure 
was performed using an aseptic technique. Briefly, 30 min before the 
surgery, buprenorphine (0.03 mg/kg) was administered 
intraperitoneally (i.p), after which the mice were anesthetized with 
4% isoflurane vaporized in air, along with an additional 0.3% oxygen 
enrichment. Surgical anesthesia was maintained using 2% isoflurane 
with 0.3% oxygen, while the mice were positioned in a stereotaxic 
frame (David Kopf Instruments, Tujunga, CA). The body 
temperature was maintained at 37 ± 2°C using a heating pad 
(Harvard Apparatus). The stereotaxic coordinates were selected to 
allow injection above CA1 (reference to bregma, anteroposterior 
axis: −1, laterality: −1.2, verticality: −1.5). The skull was drilled, 
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leaving the dura intact. Using a microinjector (micropump 4, WPI), 
1.5 microliters were injected at a rate of 100 nL/min with a NanoFil® 
D needle (WPI). After the injection, the needle was left in place for 
an additional 15 min to prevent backflow of the liquid. Altogether, 
the total duration of the surgery did not exceed 40 min. The skin was 
sutured, and the animals were placed in the post-operative room of 
the facility. The brains were then either perfused and fixed for 
immunochemistry or freshly harvested for western blot analysis 
1 week after the injection.

Controlled-cortical impact model (CCI)

A controlled cortical impact (CCI) procedure was performed 
using an aseptic technique. Buprenorphine (0.03 mg/kg) was injected 
intraperitoneally (i.p) 30 min before the surgery. The mice were then 
anesthetized using 4% isoflurane vaporized in air, along with an 
additional 0.3% oxygen enrichment. During the surgical procedure, 
anesthesia was maintained with 2 to 2.5% isoflurane in air, along with 
0.3% oxygen. The mice were positioned in a stereotaxic frame (David 
Kopf Instruments). The body temperature was monitored throughout 
the procedure using a rectal probe and was maintained at 37 ± 2°C 
with a heating pad (Harvard Apparatus). A unilateral craniotomy was 
performed over the right parietal cortex, within the boundaries of the 
bregma and lambda while leaving the dura intact, using a high-speed 
drill. The CCI procedure was performed using a Leica impactor with 
the following parameters: tip diameter 3 mm, speed 6 m/s, depth 
1.5 mm, and duration 200 msec. The impact perpendicularly 
compressed the curvature of the sensorimotor cortex. The animals 
were allowed to recover on the heating pad before their transfer to the 
post-surgical room. Before the start of the experiments, the animals 
were randomly assigned to subgroups, namely sham-vehicle +/− 
BrainFectIN, sham-bumetanide +/− BrainFectIN, CCI-vehicle +/− 
BrainFectIN, and CCI-bumetanide +/− BrainFectIN. Bumetanide 
injections were performed i.p twice daily for a one-week period at a 
2 mg/kg concentration.

Blood collection

Each animal was checked daily after the CCI procedure for weight 
loss and general condition, according to the protocol validated by our 
local committee (Apafis #2797). For blood collection, we used the 
mandibular vein to collect blood from the sham animals and animals 
with TBI, and a heart puncture was performed when a larger volume 
was needed from the transfected animals. After applying a local 
sanitizer to the cheek, the mandibular vein was pierced perpendicularly 
with a lancet. Blood drops were collected in a blood tube, not 
exceeding the maximum volume. A small pressure was then applied 
to stop the bleeding. We used an appropriate lancet (blood lancet 
Nahita FM024/60425012), and the maximum blood volume allowed 
for collection was adhered to Table 1. For the heart puncture, after 
deep anesthesia using 4% isoflurane, the animal was placed in the 
supine position. After applying a local sanitizer to visualize the 
depression of the xiphoid appendix, we used a 25-gauge needle. The 
needle was inserted gently into the xiphoid hollow at an angle of 
30°–45° toward the top. A larger volume of blood was withdrawn; if 
the blood did not flow, the needle location was slightly adjusted.

Total exosome collection

The exosomes were isolated from 100 microliters of the blood 
serum, after the addition of 5 μL protease and phosphatase inhibitor 
(Pierce Protease and Phosphatase Inhibitor Mini Tablets, EDTA-
FREE, Invitrogen A32961). The total exosomes were first isolated from 
the blood serum using the “Total Exosome Isolation Reagent (from 
serum)” (Thermo Fisher Scientific, Invitrogen 4478360) according to 
the manufacturer’s instruction. After the collection, the exosomes 
were stored at 2°C to 8°C for up to 1 week or at −20°C for longer-term 
storage. The neuronal fraction was enriched by immunoprecipitation 
using the L1CAM antibody (eBio5G3 (5G3), Thermo Fisher Scientific, 
#14-1719-82) but was probed with CD63 to avoid interfering with the 
KCC2 staining.

Immunohistochemistry

The mice were deeply anesthetized with an intraperitoneal 
injection of ketamine/xylazine and then transcardially perfused with 
cold phosphate-buffered saline (PBS 0.01 M), followed by a 3% 
paraformaldehyde solution (AntigenFix, Diapath). The brains were 
post-fixed overnight in 3% paraformaldehyde at 4°C and then 
coronally sliced using a Leica VT1200S Vibratome. A total of 
60 μm-thick sections were permeabilized and blocked in PBS with 
0.3% Triton X-100 and 5% normal goat serum (NGS) for 1 h at room 
temperature. Then, the sections were stained with primary antibodies 
diluted in PBS with 5% NGS and 0.1% Triton X-100 at 4°C overnight 
using anti-Dsred (Takara Bio Clontech, living colors polyclonal 
antibody, 632496), anti-NeuN (Merck Millipore; MAB377), and anti-
Gad67 (Merck Millipore, MAB5406). After washing with PBS, the 
slices were incubated with the corresponding Alexa Fluor 488 and 
555-conjugated secondary antibodies, diluted in PBS (1/500, Thermo 
Fisher Scientific, Invitrogen A11001), for 2 h at room temperature and 
finally counterstained for 1 min with Hoechst 33258 (10 μg/mL in 
PBS, Sigma-Aldrich, 94403). The sections were mounted onto 
Superfrost Plus glass slides in Fluoromount-G Mounting Medium. For 
each section, serial images were taken using a fluorescence microscope 
equipped with an apotome module and 20× or 40× objectives.

Protein extraction and western blot

The animals were euthanized by decapitation after deep isoflurane 
anesthesia. The hippocampi were quickly dissected out, flash-frozen 
in liquid nitrogen, and stored at −80°C. The brain tissues were 
homogenized in RIPA buffer (50 mM Tris–HCl pH 8, 150 mM NaCl; 
SDS 0.1%; Deoxycholic Acid 0.5%; 1% Triton X-100) supplemented 
with a Protease/Phosphatase Inhibitor Tablet (Thermo Fisher 
Scientific). The proteins were run on a polyacrylamide gel (Bolt 4–12% 

TABLE 1  Maximum blood volume collected according to the puncture 
sites.

Location of the blood collection Approximate volume

Mandibular vein 100–200 μL

Cardiac puncture 0.5–1.0 mL
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Bis-Tris plus, Invitrogen by Thermo Fisher Scientific) and transferred 
to a nitrocellulose membrane (GE Healthcare Life Science). Following 
the application of a blocking solution containing Tris-buffered saline, 
0.1% Tween and 5% bovine serum albumin (BSA), the membranes 
were incubated overnight at 4°C with primary antibodies diluted in a 
blocking solution (Tris-buffered saline/ 0.1% tween/ 2.5% BSA): anti-
Dsred (Clontech, Living Color Ds-Red Polyclonal Antibody, 632,496), 
anti-KCC2 [home-made antibody, (Ludwig et  al., 2003)], and 
Tubuline-β3 (Biolegend, 802001). Horseradish peroxidase-conjugated 
anti-rabbit or anti-mouse IgG (Agilent Dako) was used as secondary 
antibodies, diluted in 5% bovine albumin at room temperature for 2 h. 
Bands were then detected using SuperSignal West Pico (Thermo 
Fisher Scientific, #34080) and analyzed with the G:Box imaging 
system (Syngene). Quantifications were performed using the Gel Plot 
Analyzer plugin in ImageJ.

Drug delivery

A 20 mM stock solution of bumetanide (Sigma-Aldrich, B3023) 
was prepared by dissolving 36.4 mg of the powder in 1 mL of absolute 
ethanol. The injected solution was created by mixing 40 μL of the 
stock solution with 4 mL of 1X PBS. A dose of 26.7 μL per gram of the 
animal body weight was then injected intraperitoneally (2 mg/kg), 
twice daily (9 AM and 5 PM). A vehicle solution was prepared using 
the same procedure but without the bumetanide powder to maintain 
the volume and diluent.

Plasmid construct

The KCC2-mCherry construct was created by inserting a 
ubiquitin promoter in place of the CMV promoter in the pmCherry 
vector (Clontech) to enhance transgene expression under in  vivo 
conditions. The vector and transgene were sequenced before cloning, 
and the full plasmid was also sequenced.

Statistical analysis

All mean values were presented with the standard deviation (SD). 
Normality was tested for each distribution, with a significance level set 
at 5%. Two-tailed Student’s t-test, the Mann–Whitney U test, or 
one-way ANOVA was used accordingly, using Prism software 
(GraphPad Software, Inc., La Jolla, CA, United  States). Box plots 
reported the median, interquartile range, and total range of the data, 
with statistical significance represented as follows: ∗p < 0.05, 
∗∗p < 0.01, and ∗∗∗p < 0.001.

Results

Is KCC2 detectable in circulating blood?

Our initial investigation aimed to determine whether KCC2 can 
be detected in blood serum. A previous study successfully identified 
it in cerebrospinal fluid (Duarte et al., 2013), making it essential to first 
ascertain its presence in blood serum. We collected 0.2 mL of blood 

from the mandibular vein of the mice and isolated the serum by 
centrifugation at 2,000 g for 30 min at 4°C. Subsequently, 
we conducted a western blot under denaturing conditions using the 
clarified serum. As shown in Figure 1A, we clearly observed the full-
length KCC2 band at 140 kDa in all tested samples (n = 30). Utilizing 
our custom-made antibody specific to the N-terminus of KCC2 
(Ludwig et  al., 2003), it was challenging to definitively identify 
degraded forms of KCC2. Nonetheless, after analyzing the gel band 
profiles with red Ponceau, we  found no discernible difference 
compared to the brain tissue samples (Figure 1B, data not shown). 
This intriguing result prompted us to investigate whether the secretion 
of KCC2 into the blood was constitutive or dependent on 
specific conditions.

Are KCC2-containing exosomes found in 
blood serum?

In the subsequent step, we aimed to investigate the presence of 
KCC2  in the circulating exosomes, originating either from the 
neuronal cells or from the entire cell population, as these vesicles are 
known to travel long distances. We utilized a specific extraction kit to 
purify the total exosomes from the peripheral serum through 
immunoprecipitation. The isolation of the total exosomes was 
confirmed by detecting the pan-exosomal marker CD63 (Hashkavayi 
et al., 2020) in each sample using western blot analysis (Figure 1B). 
The figure illustrates both the glycosylated form (63 kDa) and 
non-glycosylated form (27 kDa) of the CD63 protein, with a 
predominance of the glycosylated form at 63kd.

To confirm the neuronal origin of KCC2, we proceeded with the 
purification of the neuronal exosomes from the total exosome samples 
once again, this time using immunoprecipitation. To verify the 
neuronal origin of KCC2, we conducted western blotting with the 
neuronal exosome marker L1CAM (CD171) (Pulliam et al., 2019; 
Figure 1C).

Do KCC2-containing blood exosomes have 
a neuronal origin?

KCC2 is primarily expressed in the central nervous system (Blaesse 
et al., 2009), making the discovery of its full-length form in circulating 
blood particularly intriguing. To verify the CNS origin of the molecule, 
we chose to genetically modify the brain neuronal cells through in vivo 
transfection using a BrainFectIN® agent. Using a stereotaxic approach, 
we injected DNA encoding C-terminal tagged mCherry-KCC2. One 
week after the injection, we  harvested the brains and performed 
co-immunoprecipitation. Our previous work with BrainFectIN® had 
already demonstrated potent and sustained modification of CNS cells 
(Scala et al., 2019). The post hoc analysis 1 week after the injection 
revealed transgene expression through immunohistochemistry, using 
a specific antibody against the mCherry tag at the injection site, CA1 
(Figures 2Aa), and in the dentate gyrus (DG) (Figures 2Ab). High 
magnification of the CA1 region of the hippocampus (Figure  2B) 
confirmed the robust expression of the mCherry-tagged KCC2. 
We further confirmed the neuronal expression of the transgene in the 
principal neurons using the neuronal marker NeuN (Figure 2C) and 
in the interneurons using the Gad67 antibody (Figure 2D).
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At the protein level, we verified the presence of the mCherry-
tagged KCC2 in the ipsilateral hippocampal extract. This region was 
selected due to its targeting by the injection (1.76 ± 0.20, n = 5 vs. 
1.0 ± 0.15, n = 5, p = 0.03, Figures 2E,F). As previously demonstrated 
by immunohistochemistry, there was no diffusion of the transgene to 
the contralateral side (0.83 ± 0.17, n = 5 vs. 1.00 ± 0.13, n = 5, p = 0.84, 
Figures 2G,H).

In this context, we were able to identify the 35 kDa-shifted KCC2 
band corresponding to the tagged KCC2 in the pan-exosomes CD63-
containing exosomes (Figure  3A). The CNS origin was further 
reinforced and confirmed using L1CAM immunoprecipitation of the 
neuronal exosomes, confirming the neuronal enrichment of the 
mCherry-KCC2 (Figure 3B). Furthermore, by combining the KCC2 
antibody, which recognizes the N-terminus part of the protein, and 
the mCherry antibody, which recognizes the mCherry molecule at the 
C-terminal part of KCC2, we conclusively confirmed that full-length 
KCC2 was embedded in the exosomes, particularly the neuronal 
exosomes. The combination of these two antibodies targeted both the 
N- and C-terminus regions of full-length KCC2, as indicated by the 
bands at 140 and 175 kDa in Figure 2.

Does traumatic brain injury (TBI) have an 
effect on exosome content?

It has been previously proposed and demonstrated that there is a 
transient loss of KCC2 expression after trauma (Medina et al., 2014). 
Utilizing the controlled-cortical impact model, we observed a robust 
decrease in the KCC2 levels in the early days after the trauma, followed 

by complete recovery after 1 week (Goubert et al., 2019). Considering 
these findings, we also investigated the impact of TBI on the exosomes, 
both total and neuronal, in the blood serum using the same paradigm.

At 7 days post-trauma (dpt), we  clearly observed a significant 
decrease in the normalized total expression of KCC2 in the blood serum 
(sham 100% ± 14 vs. CCI 59.8% ± 7, *p = 0.015, n = 4, Figure 4A), as well 
as in the total exosomes (sham 100% ± 16 vs. CCI 59% ± 8, *p = 0.015, 
n = 4, Figure 4B) and the neuronal-enriched fraction of the exosomes 
(sham 100% ± 18 vs. CCI 60% ± 8, *p = 0.016, n = 4, Figure 4C).

Considering the possibility that this loss of expression might persist 
for a longer duration in the blood compared to the CNS expression, 
we  conducted the same analysis 1 month after the trauma. This 
timeframe was chosen because we had previously demonstrated that 
KCC2 expression in the hippocampus recovered to sham levels in the 
same animal model, while the subjects exhibited cognitive dysfunction, 
particularly depression-like behavior (Goubert et al., 2019).

Once again, we observed a substantial loss of KCC2 expression in 
the blood serum (sham 100% ± 8 vs. CCI 64% ± 11, *p = 0.03, n = 4, 
Figure 4D), in the total exosomes (sham 100% ± 8 vs. CCI 70% ± 13, 
*p = 0.016, n = 4, Figure 4E), and in the neuronal exosomes (sham 
100% ± 7 vs. CCI 70% ± 7, *p = 0.016, n = 4, Figure  4F). These 
findings support the hypothesis of a sustained and permanent 
decrease in KCC2 expression in exosomes following TBI.

Does bumetanide affect exosome content?

Previous research, including studies by Goubert et al. (2019) and 
Pellegrino et  al. (2011), has shown that bumetanide, a 

FIGURE 1

Identification of KCC2. (A) KCC2 detected in the Blood serum (140 kDa). (B) KCC2 in the total exosomes from the blood shows the same band 
detected in the serum, confirming that the band corresponds to KCC2. (C) KCC2 was identified in both neuronal exosomes and neuronal-derived 
exosomes purified from the serum, with confirmation of their neuronal origin by detecting the exosomal marker CD171.
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FIGURE 2

mCherry-tagged KCC2 expression in the hippocampus 1 week after the KCC2-mCherry- BrainFectIN injection. (A) Expression of KCC2-mCherry in the 
ipsilateral CA1 area (a) and the ipsilateral dentate gyrus (b) (white arrows). The sham mice were injected with the KCC2-mCherry construct and 
physiologic serum instead of BrainFectIN, showing no positive cells in the CA1 area (a’) and the dentate gyrus area (b’). Hi, Hilus; GCL, Granule Cell 
Layer; OML, Outer Molecular Layer. Scale bar = 10 μM. Magnification 20x. (B) Magnification of the injection site in the CA1 area, showing the expression 

(Continued)
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sodium–potassium–chloride transporter antagonist, exerts a powerful 
effect in preventing cell death in interneurons and principal cells. In 
addition, it has been found to prevent rapid and transient degradation 
of KCC2 in various trauma models (Hu et al., 2017; Medina et al., 
2014) and epilepsy (Kourdougli et  al., 2017). Given its ability to 
efficiently restore KCC2 expression in neuronal cells, we sought to 
investigate its potential impact on KCC2 modulation in 
exosome content.

To explore this, we  administered intraperitoneal injections of 
2 mg/kg bumetanide twice daily for 1 week. Subsequently, we collected 
blood serum to assess KCC2 expression. One week after the trauma 
(7dpt), the KCC2 expression levels were significantly improved 
compared to the CCI condition, resembling the levels seen in the 
sham group. This improvement was observed both in the blood serum 
(CCI 59% ± 7 vs. CCIbum 95% ± 10, *p = 0.028, Figure 5A), total 
exosomes (CCI 59% ± 8 vs. CCIbum 90% ± 9, *p = 0.028, Figure 5B), 
and neuronal exosomes (CCI 60% ± 8 vs. CCIbum 89% ± 4, 
*p = 0.028, n = 4, Figure 5C).

Later, our focus shifted to the long-term effects of bumetanide on 
the persistence of KCC2 expression and its correlation with the 
prevention of depressive-like behavior, which has been previously 

observed. To investigate whether the treatment could also modify 
KCC2 expression in the exosomes, we assessed the KCC2 levels in the 
blood 1 month after the treatment. Notably, we observed differences 
in KCC2 expression in the blood compared to the CCI condition in 
the blood serum (CCI 64% ± 11 vs. CCIbum 90% ± 3, *p = 0.028, 
n = 4, Figure  5D), total exosomes (CCI 70% ± 13 vs. CCIbum 
1.01% ± 3, *p = 0.028, n = 4, Figure 5E), and neuronal exosomes (CCI 
70% ± 7 vs. CCIbum 96% ± 8, *p = 0.028, n = 4, Figure 5F). These 
findings suggest that KCC2 expression in exosomes could be a relevant 
marker for detecting depressive-like behavior, consistent with the 
functional changes observed in our previous study (Goubert 
et al., 2019).

Discussion

Exosomes have been hypothesized to play a pathological role in 
several neurological disorders, particularly proteinopathies, by 
spreading pathological molecules to healthy tissue. Alternatively, 
exosomes have been postulated to play a protective role by 
transporting pathological molecules out of cells (Quek and Hill, 

of the mCherry-tagged KCC2. Scale bar = 10 μM. Magnification 40x. (C,D) Representation of NeuN (C) and Gad67 (D) staining of the KCC-mCherry 
positive cells (yellow arrows). White arrows indicate the lack of co-localization. Scale bar = 10 μM. Magnification 40x. (E) Representative western blots 
of the ipsilateral hippocampi extracted from the KCC2-mCherry-BrainFectIN-injected mice (n = 5) and sham mice (n = 5). The hippocampi were 
extracted 1 week after the injection. (F) Corresponding western blot quantification from the KCC2-mCherry-BrainFectIN-injected mice and sham 
mice. The data are presented as median (with interquartile range). The Mann–Whitney U test analysis reported the following: *p < 0.05; n.s., not 
significant, under Prism analysis. (G) Representative western blots of the contralateral hippocampi extracted from the KCC2-mCherry-BrainFectIN-
injected mice (n = 5) and sham mice (n = 5). The hippocampi were extracted 1 week after the injection. (H) Corresponding western blot quantification 
from the KCC2-mCherry-BrainFectIN-injected mice and sham mice. The data are presented as median (with interquartile range). The Mann–Whitney 
U test analysis reported the following: *p < 0.05; n.s., not significant, under Prism analysis.

FIGURE 2 (Continued)

FIGURE 3

mCherry-tagged KCC2 expression in the exosomes after the BrainFectIN injection. (A) Expression of KCC2 and KCC2-mCherry in the total exosomes 
after the protein extraction. (B) Expression of KCC2 and KCC2-mCherry tag in the neuronal exosomes after the protein extraction. Representative 
western blots of the protein extracted from the KCC2-mCherry-BrainFectIN-injected mice (n = 6) and sham mice (n = 6). The protein exosomes were 
extracted 1 week after the injection.
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2017). This is quite an innovative field of research as recent studies 
have proposed a role for exosomes in inflammation (Brites and 
Fernandes, 2015) and miRNA regulation. These vesicles may 
transport molecules over large distances and influence cell function 
under physiological and pathological conditions (Brites and 
Fernandes, 2015; Hashkavayi et al., 2020). More recently, exosomes 
have been hypothesized to play important roles in the nervous system 
and have been shown to be involved in neurodegenerative disorders 
(Beach et al., 2014), axonal pathfinding through cell contact (Gong 
et al., 2016), secondary neurogenesis (Fuller et al., 2020), synaptic 
pruning (Bahrini et al., 2015), and network assembly (Sharma et al., 
2019). However, the potential role of exosomes as routes for 
transporting brain-specific membrane-embedded proteins in 
pathological conditions is poorly studied. In this study, we proposed 
a potential role for exosomes as early biomarkers of brain injury 
related to depressive-like behavior. This psychiatric disorder has a 
high incidence after trauma, both in the general population and in 
military contexts (Lange et al., 2020). Having prognostic tools would 
be highly valuable for preventing and treating patients at early stages. 
Furthermore, biomarkers can facilitate the early detection of brain 
pathologies, improving decision-making regarding therapeutic 
approaches, which is crucial in treating psychiatric disorders. For 

instance, the assessment of chloride homeostasis imbalance, 
specifically KCC2 dysregulation, has already yielded promising 
results in other pathologies, such as hepatic encephalopathy (HE) (Li 
et al., 2012). Indeed, HE is defined as a neuropsychiatric disorder 
resulting from hepatic dysfunction. It has been shown that KCC2 
downregulation in the blood serum of cirrhotic patients is not only 
correlated with HE diagnosis but also that the extent of the NKCC1/
KCC2 imbalance may be relevant for assessing the severity of the 
disease. Hence, investigating the role of KCC2 as a biomarker for 
brain disorders is crucial.

Many studies have used bumetanide to treat chloride homeostasis 
imbalance. Although the permeability of the blood–brain barrier can 
be affected by pathological conditions, it is common for the BBB to 
exhibit compromised integrity. It is highly likely that such conditions 
were present during the time window of the bumetanide application 
in this study (Cohen et al., 2007), facilitating its entry into the brain 
at pharmacologically relevant concentrations. However, a recent 
study by Löscher and collaborators described the relevant bumetanide 
concentration needed to reach the brain (Löscher and Kaila, 2022).

However, although KCC2 is known as a neuron-specific chloride 
cotransporter, we know now that it is also expressed in structures 
other than the CNS. Indeed, it has been demonstrated that KCC2 is 

FIGURE 4

KCC2 expression in the serum, total exosomes, and neuronal exosomes under the CCI condition. (A) Expression of KCC2 in the blood serum at 7dpt, 
sham versus CCI condition, n = 4 animals per condition. (B) Expression of KCC2 in the total exosomes at 7dpt, sham versus CCI condition, n = 4 
animals per condition. (C) Expression of KCC2 in the neuronal exosomes at 7 dpt, sham versus CCI condition, n = 4 animals per condition. 
(D) Expression of KCC2 in the blood serum at 1 mpt, sham versus CCI condition, n = 4 animals per condition. (E) Expression of KCC2 in the total 
exosomes at 1mpt, sham versus CCI condition, n = 4 animals per condition. (F) Expression of KCC2 in the neuronal exosomes at 1mpt, sham versus 
CCI condition, n = 4 animals per condition. The Student’s t-test analysis reported the following: *p < 0.05; **p < 0.01; and ***p < 0.001, under Prism 
analysis.
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also expressed in various pancreatic cells. Specifically, KCC2 is found 
in the glucagon-related alpha cells and, more predominantly, in the 
beta cells of the pancreatic islet (Kursan et al., 2017). In the pancreas, 
it has been hypothesized that GABAergic regulation, together with 
insulin, plays a role in decreasing hyperglycemia (Bansal and Wang, 
2008). These findings highlight the necessity of tracking the origins 
of the protein in circulating blood. To address this issue, we ensured 
the measurement of neuron-specific KCC2-containing exosomes 
using the BrainFectIN agent. Interestingly, when assessing the 
chloride cotransporter expression in the total exosome content, 
we  were not able to detect any difference in the NKCC1 blood-
exosome expression between the sham and CCI animals. This 
confirms that KCC2 is the only effective marker of brain trauma (data 
not shown). In summary, investigating non-invasive methods, such 
as the use of biomarkers, as relevant tools for diagnosing various 
afflictions is essential and could improve the prognosis of several 
illnesses. Finally, assessing the level of KCC2  in brain-specific 
exosomes, as described in this study, could be  developed into a 
valuable tool for monitoring the progression of brain trauma 
associated with different clinical settings.
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