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Abstract 

Background  Multiple sclerosis (MS) is an irreversible progressive CNS pathology characterized by the loss of mye‑
lin (i.e. demyelination). The lack of myelin is followed by a progressive neurodegeneration triggering symptoms 
as diverse as fatigue, motor, locomotor and sensory impairments and/or bladder, cardiac and respiratory dysfunction. 
Even though there are more than fourteen approved treatments for reducing MS progression, there are still no cure 
for the disease. Thus, MS research is a very active field and therefore we count with different experimental animal 
models for studying mechanisms of demyelination and myelin repair, however, we still lack a preclinical MS model 
assembling demyelination mechanisms with relevant clinical-like signs.

Results  Here, by inducing the simultaneous demyelination of both callosal and cerebellar white matter fibers 
by the double-site injection of lysolecithin (LPC), we were able to reproduce CNS demyelination, astrocyte recruit‑
ment and increases levels of proinflammatory cytokines levels along with motor, locomotor and urinary impairment, 
as well as cardiac and respiratory dysfunction, in the same animal model. Single site LPC-injections either in corpus 
callosum or cerebellum only, fails in to reproduce such a complete range of MS-like signs.

Conclusion  We here report that the double-site LPC injections treatment evoke a complex MS-like mice model. We 
hope that this experimental approach will help to deepen our knowledge about the mechanisms of demyelinated 
diseases such as MS.
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Introduction
Multiple sclerosis (MS) is an irreversible, progressive dis-
ease characterized by an autoimmune attack of T and B 
lymphocytes against self-antigens found in the myelin, a 
specialized membrane that enwraps axons [26, 41]. The 
myelin enables axons for fast saltatory conduction of 
action potentials and provides metabolic support to the 
neurons [11, 31]. The lack of myelin leads, in turn, to 
axonal degeneration, neuronal death, and several neuro-
logical disabilities [11, 38]. MS affects around 2.5 million 
people worldwide, representing the second cause of neu-
rological impairments in the young adult population [30].

The demyelinated insult is followed by a spontaneous, 
yet incomplete, myelin repair process (i.e. remyelination) 
[26]. In this microenvironment characterized by neu-
roinflammatory signals, oligodendrocytes—the myelin 
forming cells at the central nervous system (CNS)—fail 
to synthesize new myelin [19, 43]. The latter leads to 
progressive axon degeneration, aggravating the neuro-
logical symptoms in MS patients, such as motor and sen-
sory impairment, fatigue along with locomotor, cardiac, 
respiratory and bladder dysfunctions [6, 11, 21, 31, 38]. 
Currently, there are more than fourteen approved dis-
ease modifying therapies (DMT) to treat MS, including 
anti-inflammatory drugs, immunomodulators (i.e. inter-
ferons) and more recently, monoclonal antibodies (such 
as alemtuzumab or ocrelizumab). Most of them aim to 
contain inflammation, reducing relapses and delaying 
the progression of the disease [7]. However, nowadays, 
there are no DMT capable of inducing complete recov-
ery of the patient [30]. Therefore, preclinical studies 
including animal models are currently being carried out 
to address potential mechanisms that lead to new treat-
ments [13, 42]. In this line, the experimental autoimmune 
encephalomyelitis (EAE) murine model represents the 
primary experimental approach for studying inflamma-
tory demyelinating diseases like MS [5, 42]. Nevertheless, 
some authors argue that EAE might be better suited as a 
neuroinflammatory model rather than a MS model [27]. 
EAE animals exhibit inflammatory and cellular responses 
like those observed in MS patients, along with progres-
sive motor function impairment as a major clinical-like 
outcome. One-site injection of demyelinated toxins (i.e. 
lysolecithin (LPC) or ethidium) in small volumes (0.1–
0.5  µL) into areas like the corpus callosum or cerebel-
lar white matter [14, 32, 37] or cuprizone administered 
in the water or food of animals (0.2–0.3%p/p) [24, 28], 
recapitulates various aspects of the cellular response and 
neuroinflammation. LPC has been used as demyelinat-
ing agent during decades [18]. Most recent evidence sug-
gests that exogenous injections of LPC would impair an 
endogenous LPC-buffering system that controls myelin-
lipid homeostasis, triggering a non-specific disruption of 

it, leading to oligodendrocytes dead with the consequent 
myelin loss [34]. However, LPC fails to correlate with 
pre-clinical outcomes typically seen in MS [32, 42]. Thus, 
current preclinical models of MS can replicate cellular 
aspects of the disease and some clinical signs, commonly 
associated with motor function. Nevertheless, they do 
not reproduce a diverse range of cellular and clinical out-
comes necessary for a more comprehensive pre-clinical 
model of MS [27, 42]. Here, we show that by injecting 
LPC in both callosal and cerebellar white matter fibers of 
mice, we develop CNS neuroinflammatory demyelination 
along with locomotor, cardiac, respiratory and bladder 
dysfunctions.

Materials and methods
Reagents and antibodies
Lysolecithin (LPC), ketamine, xylazine, Fluoromount-
G mounting medium, paraformaldehyde (PFA), normal 
goat serum, Triton X-100, anti-MBP chicken polyclonal 
antibody (Thermofisher). Anti-GFAP mouse monoclo-
nal antibody, HEPES, Alexa dye secondary antibodies 
AF-488 and AF-633 were purchased from Sigma-Aldrich 
(Merck Group, St. Louis, MO, USA). Anti-TNF-α mouse 
monoclonal antibody (Santa Cruz Biotechnology). The 
diamidino-2-phenylindole (DAPI), probenecid (PBC), 
and goat anti-mouse Alexa Fluor 488) were obtained 
from Thermofisher (Waltham, MA, USA).

Animals
Animal experimentation and protocols were approved 
by the Bioethical Committee for Animal Experiments 
of the University of Santiago de Chile (protocol number 
319/2023) in accordance with Guide for the Care and Use 
of Laboratory Animals (National Institutes of Health, 
USA). C57BL/6 mice (PN45-60) from the animal facil-
ity of the University of Santiago de Chile were housed in 
cages in a temperature-controlled (24 °C) and humidity-
controlled vivarium under a 12 h light/dark cycle (lights 
on 8:00 a.m.), with ad  libitum access to food and water. 
Animals were daily checked by the faculty veterinarian 
assuring mice welfare. The experimental design is sum-
marized in Fig. 1A–C.

Double‑site focal demyelination by lysolecithin (LPC) 
injections
Mice were anesthetized with ketamine/xylazine (K/X, 
0.1/0.01  mg/g). Deeply anesthetized mice (approxi-
mately 15  min after K/X administration) were gently 
fixed in a stereotaxic surgery frame (Kopf Instruments, 
CA, USA), fitting its head parallel to the base. An 
embedded towel paper with ethanol 70% was used to 
sterilize the surgery zone. Mice hair was removed from 
the upper skull using a cotton swab and commercial 
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shaving cream was applied. Shaving solution was 
removed and fully wiped out with a water embedded 
cotton swab 1  min after exposure to avoid skin irrita-
tion. Any remaining hair was removed as well. A drop 
of PBS 1× was added over each mice eye to avoid drying 
damage. Mice were treated with a carprofen solution 
(5  mg/kg) as analgesia (to keep mice hydrated during 
surgery, small PBS volumes ~ 100 µL were added subcu-
taneously). Then, a clean incision was made in the head 
skin with surgery scissors. Meninges were carefully 
removed with cotton fibers to provide clean access to 
the skull bone. To target the corpus callosum we used 
the following coordinates antero-posterior + 1.5  mm, 
medio-lateral ± 1  mm, dorso-ventral − 1.7  mm from 
bregma [32, 37], and to target cerebellar white matter 
antero-posterior + 1.7  mm, medio-lateral ± 1.5  mm, 
dorso-ventral − 1.7  mm from Lamba (note that the 
injections are bilaterally applied, as shown in Fig.  1). 
The craniotomy to access the brain surface at the right 
coordinates was performed with a Micromotor High-
Speed Drill (Stoelting C., IL, USA). Then, we proceed 
with the intracranial injections of 2  μL of 2% LPC 
solution per injection site. Injections were achieved 

by using a Hamilton syringes (10  μL) connected to a 
pulled-glass pipette (any conventional capillary can be 
used) previously loaded with the LPC solution (2% w/v 
diluted in PBS solution, vortex if needed). To identify 
the lesion sites afterwards, we embedded the tip of 
the pipette with sterile graphite powder (see Fig.  1). 
The glass micropipette was placed right above the drill 
incision and stereotaxically downplaced in the corre-
sponding Z-axis coordinate. After 3 min, the LPC solu-
tion was carefully injected 0.3–0.5 μL at a time, with a 
3-min pause between injections until 2 μL (for callosal 
fibers) or 2.5 µL (for cerebellum) was reached (2% LPC 
solution in both regions). Then, another 3-min pause 
was made. Finally, the micropipette was carefully and 
slowly removed back from the mouse brain. The pro-
cedure was repeated in the contralateral hemisphere in 
both callosal and cerebellar regions (to achieved a total 
of 4 injection sites, Fig.  1). Mice in the control group 
were injected with vehicle (PBS) in a separate experi-
mental group. Finally, open skin was closed with a ster-
ile size #2 suture. After recovery, mice were treated 
with analgesia for 2 days (carprofen, s.c. 5 mg/kg) and 
checked each day following the MGS according to the 

Fig. 1  Model of double-site LPC injection into the corpus callosum and cerebellar fibers. A Schematics of the stereotaxic set up for the 
microinjection of LPC showing the sites of LPC injections in corpus callosum and cerebellar white matter. Note the different references for callosal 
(bregma) versus cerebellar (lambda) sites and the specific coordinates depicted in the table. B Reconstitution of several bright fields (no staining) 
of a representative mice subjected to double-site LPC injection in corpus callosum and cerebellar fibers (right panel). Red arrows indicate 
the sites of injection (note the path of graphite powder left by the pipette during the surgery, see methods), while white arrows indicate focal 
points of demyelinated lesions at 7 days post injection (dpi). Ctx cortex, CC corpus callosum. R, C, D, V indicates rostral, caudal, dorsal and ventral, 
respectively. C Overview of the experimental design. Two independent experimental groups were randomly destined to LPC or PBS double-site LPC 
injections. Locomotor (grid strength and Rotarod tests), cardiac (heart rate test) and ventilatory (plethysmography test) functions were previously 
applied to assess basal levels. IF immunofluorescence. For details, see “Materials and methods” section
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experimental protocols approved by the Bioethical 
Committee for Animal Experiments of the Universidad 
de Santiago de Chile (protocol number 319/2023).

Myelin protein expression—as a measurement of (de)
myelinated area—was assessed 7, 14 or 21 days after LPC 
injections (dpi). From a total of 42 injected mice, 4 ani-
mals died during the first week after LPC or PBS injec-
tions, and 3 mice were excluded from the study due to the 
lack of demyelinated areas and/or the display of mechani-
cal lesions (see also [32]). All the animals considered in 
the study (n = 35) survive the entire experimental time.

Tissue preparation
Mice were anesthetized using ketamine/xylazine 
(0.1/0.01  mg/g) and subsequently subjected to intracar-
dial perfusion with a 20  mL PBS 1× solution (pH 7.2). 
Following perfusion, the brains were carefully extracted 
to maintain their structural integrity. A precise transver-
sal cut was made at the midline, leaving one hemisphere 
stored in a 4% PFA solution (pH 7.2) for 3 h at 4 °C, while 
the other half was prepared for molecular analysis and 
kept at − 80 °C. Once fixed, the brain tissue was sectioned 
into 70  µm sagittal slices using a vibratome (Microm 
HM 650 V, Thermo) and these slices were then placed in 
96-well plates filled with 1 mL PBS 1×. Slices containing 
the corpus callosum and cerebellar regions were specifi-
cally chosen for subsequent immunofluorescence assays.

Immunofluorescence
For immunofluorescence analysis, the slices were incu-
bated in blocking solution (Normal goat serum 4% and 
Triton X-100 0.5% in PBS 1×) at room temperature for 
2 h. The sections were then incubated overnight at 4  °C 
in the antibody solution (Normal goat serum 2% and Tri-
ton X-100 0.2% in PBS 1×) with the myelin basic protein 
(anti-MBP chicken polyclonal antibody, 1:800, #PA1-
10008) or the glial fibrillary acidic protein (anti-GFAP 
mouse monoclonal antibody, 1:2000, #SAB5201104). The 
slices were three times rinsed in PBS 1× (5  min each) 
and then incubated during 2 h at room temperature with 
conjugated Alexa dye secondary antibody AF-488 or 
AF-633 (goat anti-chicken, 1:500; Invitrogen, #A-11039). 
Specificity of the anti-MBP was verified in negative con-
trols, omitting the primary antibodies. Finally, slices were 
washed three times with PBS 1× and mounted in Fluo-
romount-G mounting medium (#0100-01, SouthernBio-
tech) for imaging.

Confocal acquisition
Brain slices were imaged with a Zeiss LSM510 confo-
cal microscope (Carl Zeiss MicroImaging) with the 
LSM510 software. Bright field images (transmitted light, 
see Fig. 1C) were acquired to define corpus callosum and 

cerebellar white matter regions. Images were then cap-
tured with a 20× (NA 0.8) objective under 488 nm excita-
tion in Z-stack 6 µm-width. Acquired images were then 
reconstructed in Z-projections averaging 8 to 12 optical 
sections per sample (48 to 72  µm-width). Image analy-
sis (MBP and GFAP fraction areas) was performed with 
ImageJ software.

Cytokine expression
To analyse cytokine gene expression we performed a 
three phases analysis: total RNA extraction, cDNA syn-
thesis, and quantification via qPCR. For RNA extraction 
from white matter tissue (isolated cerebellar white mat-
ter and corpus callosum), we employed the TRIzol-based 
method optimized for this purpose. Samples stored at 
− 80  °C were homogenized by using 1.0  mL of TRIzol 
with mechanical homogenizers (D160 SCILOGEX) and/
or homogenization equipment (ALLSHENG Bioprep-
24R). Phase separation was achieved by adding 200  µL 
of chloroform, followed by centrifugation. The recov-
ered aqueous phase was precipitated with isopropanol 
and washed with 75% ethanol. Purified RNA was resus-
pended in RNase-free water and stored at − 80 °C. From 
20 µg of total RNA, cDNA synthesis was performed using 
the M-MLV system from Promega. DNase treatment was 
applied to remove potential DNA contaminants, followed 
by addition of Random Primer to facilitate the cDNA 
synthesis. The reaction involved three stages: DNase 
treatment, annealing of random primers, and synthesis 
of the first cDNA strand. The reaction was first incu-
bated at 37  °C for 60 min and then at 70  °C for 10 min 
to complete the synthesis. Gene expression quantifica-
tion was conducted using FastStart Essential DNA Green 
Master (ROCHE®). The reaction mix, comprising 2× 
Master mix, forward and reverse primers (10 µM), water, 
and cDNA, was prepared (max 200  ng cDNA per reac-
tion). Amplification was performed in a thermocycler 
programmed for an initial polymerase activation stage 
at 95  °C for 10  min, followed by 40 cycles of denatura-
tion at 95  °C, annealing at 62  °C, and extension/reading 
at 72  °C. A melting curve analysis was conducted post-
amplification to confirm the specificity of the products. 
Relative gene expression was determined using the \
ΔΔC_T\ method, normalized against the reference gene 
18S and compared to an untreated control. The efficiency 
of the qPCR reaction was validated through the genera-
tion of standard curves for each gene of interest. Addi-
tionally, we performed western blot quantification of 
TNF-α. Briefly, white matter was homogenized in 10 mM 
Tris–HCl at pH 7.4, 150 mM NaCl, 1% Triton-X 100, and 
1  mM ethylenediaminetetraacetic acid (EDTA) contain-
ing protease inhibitors. Lysates were clarified by centrifu-
gation at 8000×g (4 °C) for 20 min, and the supernatants 
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were collected and normalized for protein concentration. 
Proteins were separated by 10% and 15% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride 
membranes (Immobilon-P, Millipore). After blocking 
with PBS containing 5% skim milk and 0.05% Tween 20, 
the membranes were incubated with primary antibodies 
overnight at 4  °C, followed by incubation with an HRP 
conjugated secondary antibody for 2 h at room tempera-
ture. Mouse anti-TNF-α (1:500, sc-133192). Horserad-
ish peroxidase-conjugated anti-rabbit IgG antibody was 
used as secondary antibody (Cell Signaling Technology). 
Immunoreactive bands were detected using a fluores-
cence-conjugated secondary antibody and an enhanced 
chemiluminescence (ECL) system (WBKLS0100, Milli-
pore). They were visualized on a LAS-4000 imaging sys-
tem (Fujifilm). The protein bands were quantified using 
the ImageJ software.

Plethysmography
Whole-body plethysmography was performed in freely 
moving mice to evaluate their resting breathing patterns 
and chemoreflex function in response to hypercapnia. 
The experiments were carried out between 10:00 and 
16:00  h at room temperature. Prior to recordings, ani-
mals were habituated to a whole-body plethysmography 
chamber (5L, EMKA Technologies) for 2 consecutive 
days. On the day of recording, mice were allowed a mini-
mum of 2 h acclimatization to the chamber before meas-
urement started. Respiratory flow was recorded using a 
differential pressure transducer, with the signal being 
amplified (500×) and digitized at 1  kHz. The inspira-
tory flow curve’s area was calibrated by injecting 5  mL 
of dry air into the chamber using a syringe. Throughout 
the 2-h recordings, mice breathed ambient air with con-
stant inlet and outlet flows (0.75 mL/min). Chemoreflex 
function was examined by exposing the mice to hyper-
capnic concentrations of 3%, 5%, and 7%, while recording 
the ventilatory response and calculating the hypercap-
nic ventilatory response (HCVR). Data analysis involved 
acquiring tidal volume (Vt), and minute ventilation (VE) 
using the EMKA software. The hypercapnic ventilatory 
response (HCVR) was determined by calculating the 
slope of the maximal ventilatory response across differ-
ent CO2 levels.

Grid strength test
The grid strength test assesses neuromuscular strength 
by measuring how long a mouse can hang from an 
inverted grid [3, 23, 25]. Briefly, mice were gently placed 
on a 30 × 30 cm grid with 1 cm2 mesh spaces, positioned 
30  cm above a plastic containment box. The grid was 
carefully rotated so that the mouse faced downward. The 

time it took the mouse to fall (time-to-fall) was recorded. 
This measurement was repeated twice for each mouse, 
and the averaged time was registered. If a mouse jumped 
or climbed down the box edges, the count was stopped. 
After a 5-min break, the test was repeated. If a mouse 
hung for 600  s without falling, the test was ended, and 
that time was recorded as the maximum value. Mice were 
allowed 3 days of acclimatization to the apparatus before 
starting the recordings. Time-to-fall was measured on 
day-2 before LPC injection and then on days 5, 6, and 
7 post-injection. The same mouse was tested at all time 
points, and then tested in the locomotor Rotarod test. 
Results were expressed in seconds. All injected animals 
(n = 4) developed an impairment in the test.

Locomotor Rotarod test
The Rotarod test was employed to assess locomotor 
performance, evaluating motor coordination and bal-
ance [39]. The Rotarod apparatus consists of cylinders 
(or rotors) with individual lanes that increase in turn-
ing speed. Rodents are placed in these lanes at secure 
height (Rotarod 755, IITC, Lifescience). Before begin-
ning the recordings, animals underwent a daily acclima-
tization session in the apparatus for 3 days. Time-to-fall 
on the Rotarod was measured 5  days before LPC injec-
tion (− 5  dpi) and then at 7, 14 and 21  days post injec-
tion (dpi). During training sessions, parameters included 
a starting speed of 1 rpm, a maximal speed of 40 rpm and 
a time to reach maximal speed of 90 s. Experimental con-
ditions consisted of a starting speed of 1 rpm, a maximal 
speed of 40  rpm and a time to reach maximal speed of 
180 s. The same animal was tested at all time points and 
time-to-fall was expressed in seconds.

Urine volume
To assess the diuretic function, we used metabolic cages 
to collect and quantify urine volume as an indicator of 
uronephrological or bladder status [16]. Mice underwent 
testing in individual metabolic cages for 12-h sessions 
at night, from 8 p.m. to 8 a.m., with environment condi-
tions set at 20–22 °C and 50% humidity. This regime was 
repeated for 4 consecutive days. During testing, mice has 
access to water and previously ground food ad  libitum, 
and each mouse remained in the same cage throughout 
all sessions. The first three sessions served for mouse 
acclimatization, with urine volume recorded on the last 
day. Assessments were conducted both before model 
induction (basal) and at days 8–11 post LPC (or vehicle) 
injection.

Systolic pressure and heart rate measurement
Systolic pressure and heart rate (HR) were measured in 
awake mice using a tail cuff plethysmographic system, 
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(model BP-2000 series II, Visitech, US) as described pre-
viously [2, 9]. Briefly, mice underwent a 3-day training 
period prior to the recording session, maintaining con-
sistent environmental parameters: room temperature of 
20–22  °C, 50% humidity, and a tail-cuff system temper-
ature of 37  °C. During the recording session, mice were 
placed in a black box to restrict movement and their tails 
were secured with adhesive tape to facilitate pulse meas-
urement at the base of the tail. Every session included a 
15-min acclimatization period, during which three con-
secutive readings were not recorded, followed by 10 con-
secutive readings of arterial pulsatile and mean pressure 
captured by the BP—2000 Blood Pressure Analysis Soft-
ware. Assessments were conducted before model induc-
tion (basal, − 5 dpi) and at days 7, 14 and 21  days post 
LPC injection.

Statistical analysis
Statistical analysis and plots were performed using 
Graphpad Prism 8.0 software. All data is presented as 
mean ± SEM. After test for normality, data were com-
pared by using One- or Two-way ANOVA, Kruskal 
Wallis, or Mann Whitney Tests according to the data 
structure. Post hoc test is indicated when corresponded. 
Statistical significance was defined as p < 0.05.

Results
Double‑site LPC injection into callosal and cerebellar white 
matter fibers induces demyelination, pro‑inflammatory 
cytokine expression and astrocyte recruitment
Injection of LPC into white matter tracts induces demy-
elination [18, 22, 33, 45], mimicking the effects observed 
in demyelinating diseases of CNS [10, 20]. Even though 
one-site LPC injection in the corpus callosum or cer-
ebellar white matter recapitulates different aspects of the 
cellular response and neuroinflammation, it fails to cor-
relate with pre-clinical outcomes of MS [14, 32, 37, 42]. 
With this in mind, we aimed to investigate whether the 
bilateral injection of LPC into both the corpus callosum 
and cerebellar white matter in the same surgery induces a 
scenario that better resemble the pre-clinical outcomes of 
MS. For this purpose, we stereotaxically administered 2% 
LPC in focal areas of both white matter tracts (Fig. 1A, B). 
Immunohistochemistry analysis of MBP labeling showed 
significant demyelination in both callosal and cerebellar 
white matter fibers 7, 14 and 21  days after the double-
site LPC injection (Figs. 2A, B, 3A, B). Previous evidence 
indicates that one-site LPC injection in the corpus cal-
losum or cerebellar white matter produces local inflam-
mation [37, 42], including the increased production of 
pro-inflammatory cytokines such as TNF-α and IL-1β 
[40, 42, 46]. Accordingly, we examined the expression of 
both cytokines in our system. Quantitative PCR analysis 

showed that LPC led to a two-fold increase in TNF-α 
expression 7 days post-injection, and this effect persisted 
for at least 14 days after LPC administration (Fig. 2B). In 
addition TNF-α protein levels were three times higher at 
14 dpi (Fig. 2B). The expression of IL-1β increased only 
after 14 days post-LPC injection when compared to con-
trol conditions (Fig. 2B). Another important hallmark of 
demyelinated lesions is the recruitment of glial cells that 
contribute to the neuroinflammatory microenvironment 
[12, 43]. Accordingly, we found an increased expression 
of the astrocyte marker GFAP in demyelinated areas at 
7 dpi (Fig.  2C, D) suggesting the recruitment of astro-
cytes to the lesions as it have been consistently described  
[12, 14, 29, 43]. Altogether, these findings indicate that 
double-site LPC injections of callosal and cerebellar 
white matter fibers trigger demyelination and increased 
the recruitment of astrocytes along with the augmented 
expression of TNF-α and IL-1β.

Double‑site callosal and cerebellar demyelination causes 
major motor dysfunction
Motor and locomotor dysfunctions are major hallmarks 
of MS patients [38]. In this regard, Xie et  al. [46] have 
recently reported a motor dysfunction due to one-site 
LPC injection on the corpus callosum, however, whether 
double-site LPC injection on both white matter tracts 
impairs motor function remains unknown. In this sce-
nario, we initially examined the impact of demyelina-
tion on motor coordination using the Rotarod test by 
injecting single-site LPC either in callosal or cerebellar 
fibers (Fig. 4A, B). No significant effect was observed by 
injecting LPC into the corpus callosum (Fig.  4A), while 
a mild significant reduction in time-to-fall was found in 
mice injected into the cerebellum only at 7 dpi (Fig. 4B). 
Importantly, time-to-fall prominently declined following 
7  days of LPC injection when mice were injected with 
LPC in both callosal and cerebellar white matter fib-
ers (Fig. 4C) with this effect slightly diminishing after 14 
or 21  days post-LPC injection but persisting within the 
same period (Fig. 4C). Complementarily, we assessed the 
neuromuscular strength using the grid test by evaluat-
ing mice’s ability to hang onto an inverted mesh [3, 23, 
25]. During this task, we recorded the time it took for 
a mouse to fall while hanging from the inverted grid 
(Fig. 4D). Double-site LPC injections in both callosal and 
cerebellar white matter resulted in a ~ 60% decrease in 
time-to-fall already 5  days post-injection (Fig.  4D). This 
response did not fully recover even after 6 or 7 days fol-
lowing LPC injection, maintaining a ~ 45% reduction 
compared to baseline (Fig. 4D).

The above results indicate that double-site LPC-
induced callosal and cerebellar demyelination causes a 
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Fig. 2  Double-site LPC injection into callosal and cerebellar fibers induces localized myelin loss, increased cytokine expression, and astrocyte 
recruitment. A Representative confocal images depicting MBP staining (blue) in callosal and cerebellar regions (upper and lower panel respectively, 
sagittal views) by mice under control conditions (left) and after 7 days of LPC injection (right). Note the lack of myelin (MBP labeling, yellow 
arrows/demarked) in LPC-treated animals compared with the expression of MBP observed in control conditions (n = 5–6 mice per condition, 
from a total of n = 7–8 injected animals). Ctx cortex, CC corpus callosum, St striatum, CbWM cerebellar white matter. Scale bars: 150 μm. B Averaged 
data of TNF-ɑ (upper) and IL-1β (middle) mRNA expression in demyelinated white matter (see Materials and methods) by mice following 7 
or 14 days post-injection (dpi) with PBS (black bars) or LPC (red bars) in the corpus callosum and cerebellar white matter. Protein levels of TNF-α 
(normalized by β-actin, bottom) at 14 dpi are also shown (representative images of western blot membranes from two double-site LPC injected 
mice). *p < 0.05, LPC treatment compared to control (PBS) conditions (Kruskal–Wallis test followed by a Dunns multiple comparison post hoc, 
n = 3 mice per condition). C Representative confocal images depicting GFAP staining (red) in callosal and cerebellar regions (upper and lower 
panel respectively, sagittal views) by mice under control conditions (left) and after 7 days of LPC injection (right). Note the increase of the GFAP 
stained area around or in the lesioned regions (yellow arrows/demarked) in LPC-treated animals compared with the expression of GFAP in control 
conditions (n = 2–3 mice per condition). Scale bars: 100 μm. D Averaged data of GFAP expression (percentage from the total region) by mice 
at 7 days post-injection (dpi) with PBS (black bars) or double-site LPC injections (red bars) in the corpus callosum (CC) and cerebellar white matter 
(CbWM) (n = 2–3 mice per condition)
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more intense and sustained motor dysfunction than the 
single LPC-injection treatment.

Double‑site LPC injection into callosal and cerebellar 
white matter fibers elicits cardiorespiratory impairment 
and hyperactive bladder
A commonly reported sign in MS is the autonomic dys-
function in patients, which can subsequently lead to 
cardiac and respiratory dysfunctions [4, 15]. Cerebellar 
white matter consists mostly of fibers involved in motor 

(i.e. corticocerebellar and spinocerebellar pathways), and 
autonomic (i.e. bidirectional connectivity with brainstem 
through peduncles) functions [17]. Considering that our 
animal model exhibits massive demyelination in cer-
ebellar white matter (Figs.  1B, 2A, 3A), we investigated 
its impact on cardiovascular function. To achieve this, 
we conducted arterial pressure and heart rate measure-
ments in mice, alongside with non-anesthetized whole-
body plethysmography recordings, both before and after 
several days of the simultaneous LPC injection at callosal 

Fig. 3  Double-site LPC injection into callosal and cerebellar fibers induces localized myelin loss over time. A Representative confocal images 
depicting MBP staining (blue) in callosal and cerebellar regions (left and right panels respectively) over time at 7, 14 and 21 days after double-site 
LPC injections (dpi). Note the lack of myelin (MBP labeling, yellow arrows/demarked) in LPC-treated animals compared with the expression of MBP 
observed in control conditions (n = 5–6 mice per condition). Scale bars: 200 μm. B Averaged data of MBP expression (fraction from the total region) 
by mice following 7, 14 or 21 days post-injection (dpi) with PBS (black bars) or LPC (red bars) in the corpus callosum and cerebellar white matter. 
***p < 0.001, **p < 0.01, LPC treatment compared to control (PBS), Two-way ANOVA mixed effect analysis
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and/or cerebellar white matter fibers. We observed no 
significant differences in the systolic arterial pressure of 
animals treated by the double-site LPC injections over 
time (Fig. 5A). However, there was a consistent and sig-
nificant increase in heart rate (HR)—or tachycardia—
over time following double-site LPC injections into 
callosal and cerebellar white matter (Fig.  5B) while no 
effect on HR was found in the control group when tested 
21  days after PBS injections (Fig.  5B). Moreover, 7  days 
after double-site LPC injections, the same animals exhib-
ited diminished respiratory performance compared to 
control conditions, as measured by minute ventilation 
(Fig.  5C). The latter response was completely recovered 
following 14  days of LPC injection (Fig.  5C). Impor-
tantly, single LPC injections into the corpus callosum or 

cerebellum did not evoke any changes in HR (Fig. 5B) or 
minute ventilation (Fig. 5C).

To further scrutinize whether the above change could 
occur accompanied by changes in the respiratory func-
tion, we measured the hypercapnic ventilatory response 
(HVR) as an indicator of adaptive ventilatory function. 
For this purpose, we applied two hypercapnic stimuli, 
namely 3% and 5% CO2, during the plethysmographic 
recordings (Fig.  6A). PBS-treated mice exhibited a 
delayed and transient increase in minute ventilation in 
response to a 3% CO2 challenge 7  days post-injection 
(Fig.  6A). This response reflects the typical ventila-
tory reaction to hypercapnia expected in normal mice 
[8]. Importantly, double-site LPC injections in callosal 
and cerebellar white matter fibers decreased the minute 

Fig. 4  Double-site LPC injection into callosal and cerebellar white matter fibers impairs motor performance and neuromuscular strength. A–C 
Averaged data of time to fall in the Rotarod test by mice before and after several days post-injection (dpi) with LPC in corpus callosum (cyan dots; 
A), cerebellum (green dots; B) or both regions (double-site injection, red dots; C). D Time to fall in the grid test by mice before and after double-site 
LPC injections of the same mice showing in C. n.s. p > 0.05, *p < 0.05; **p < 0.01; baseline (− 2 or − 5 dpi) versus LPC treatment over time (one-way 
ANOVA followed by Bonferroni post hoc test, n = 3–4 mice)
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Fig. 5  Double-site LPC injection into callosal and cerebellar white matter fibers produces tachycardia and reduced minute ventilation. A Averaged 
systolic pressure by mice before and after several days post-double-site LCP injection (dpi) in callosal and cerebellar white matter fibers. n.s., 
not significant p > 0.05; baseline (− 5 dpi) versus LPC treatment over time (one-way ANOVA followed by Bonferroni post hoc test, n = 4 mice). B 
Averaged frequency (heart rate, HR) of heartbeat per minute (BPM) by mice before and after several days post-double-site LCP injections (dpi) 
in callosal and cerebellar white matter fibers (red dots). *p < 0.05; baseline (− 5 dpi) versus LPC treatment over time (one-way ANOVA followed 
by Bonferroni post hoc test, n = 4 mice). LPC-injected only in callosal fibers (cyan dots, n = 2), cerebellum (green dots, n = 2) and PBS-injected mice 
(black dots, n = 3) showed no difference in HR at 14 and 21 dpi respect to baseline, respectively (p > 0.05, Kruskal–Wallis for PBS) (C) Averaged data 
of air volume expired per minute (VE) by mice following 7 or 14 days (dpi) after treated with PBS (black bars, N = 5), double-site LPC injections 
(red bars, N = 5 mice), LPC-injected only in callosal fibers (cyan dots, n = 3) and LPC-injected only in cerebellar white matter (green dots, n = 2). 
***p < 0.001, treatment compared to control (PBS) conditions (Kruskal–Wallis test followed by a Dunns multiple comparison post hoc for PBS 
and LPC double-site comparison)

Fig. 6  Double-site LPC injection into callosal and cerebellar white matter fibers impairs the ventilatory response to hypercapnia. A Averaged 
data of plethysmographic recordings showing minute ventilation in response to hypercapnic challenges (green blocks) of 3% (left) or 5% (right) 
CO2, by mice following 7 (top panel) or 14 (bottom panel) days post-injection (dpi) with PBS (black dots) or LPC (red dots) in the corpus callosum 
and cerebellar white matter. **p < 0.01; ***p < 0.001; LPC treatment compared to control (PBS) conditions (two-way ANOVA followed by Bonferroni 
post hoc test, n = 3–4 mice). B Averaged data of the hypercapnic ventilatory response (HCVR) to 3% or 5% CO2 by mice following 7 (top panel) or 14 
(bottom panel) days post-injection (dpi) with PBS (black bars) or LPC (red bars) in the corpus callosum and cerebellar white matter **p < 0.01; LPC 
treatment compared to control (PBS) conditions (Kruskal–Wallis test followed by a Dunns multiple comparison post hoc, n = 3–4 mice)
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ventilation induced by 3% CO2 during the same post-
injection period (Fig.  6A). Furthermore, when exposed 
to a 5% CO2 challenge, the rapid and sustained increase 
in minute ventilation observed in PBS-treated mice was 
notably subdued in LPC-treated mice 7 days post-injec-
tion (Fig.  6A). Certainly, LPC treatment diminished the 
hypercapnic ventilatory response (HCVR) induced by 
both 3% and 5% CO2 7  days post-injection (Fig.  6A). 
After 14 days post-injection, the ventilatory response to 
hypercapnia appeared to be similar between PBS and 
double site LPC-treated mice, indicating the onset of 
a recovery or compensatory process (Fig.  6B). Overall, 
these data indicate that double-site LPC injection of cal-
losal and cerebellar white matter fibers elicits a transitory 
cardiorespiratory impairment.

Hyperactive or overactive bladder is a common symp-
tom of MS [1, 35, 36], often resulting in polyuria and/
or incomplete bladder emptying [38, 44]. To investigate 
this, we housed control (PBS-injected) and LPC-injected 
mice in individual metabolic cages and measured their 
urine volume. We found that double-site LPC injection 
of callosal and cerebellar white matter fibers triplicate the 
urine volume production compared to the control group 
7 days post-LPC injection (Fig. 7) indicating the presence 
of a hyperactive bladder in this animal model, at least 
during the demyelination window of the model (7  dpi) 
[32, 37].

Discussion
MS murine models based on the single-site injection of 
LPC have been proven to be highly effective in repro-
ducing relevant cellular aspects of MS-like lesions. This 
model allows for the identification of the remyelination 
stages in a highly stereotyped fashion: oligodendrocyte 
precursor cells (OPCs) proliferate and migrate into the 
lesion from 0 to 7 days post injection (dpi); then between 
7 and 14 dpi, OPCs differentiate to oligodendrocytes; and 
remyelination of axons occurs from 14 to 30 dpi [14, 32, 
37, 41]. The main advantages of this model, compared 
with other in  vivo paradigms such as the EAE mice or 
cuprizone-induced lesions [42], are the follows: (i) the 
remyelination process is characterized by discrete and 
stereotyped time windows, providing an accurate time-
frame for the study of mechanisms, (ii) the demyeli-
nated lesion is a discrete area always located in the same 
region; (iii) since it is a focal lesion, there is no systemic 
immune response that could obscure cellular local effects 
(as in EAE for instance) [27, 42]; and (iv) the entire pro-
cess (demyelination/remyelination) is relatively short for 
a rodent model (30  days). However, although the LPC-
induced demyelination model serves as a suitable cellular 
model to study mechanisms of demyelination/remyeli-
nation and some neuroinflammatory signatures—with 

a few exceptions [47, 48], it is not accompanied by clin-
ical-like signs. Other models partially reproduce some 
MS symptoms, such as motor and locomotor impair-
ments (EAE and cuprizone models) or the autoimmune 
response (EAE), but still lack a more diverse and robust 
set of preclinical signs, to explore, for instance, putative 
interventions or experimental treatments.

Here, we generated an animal model exhibiting several 
clinical-like signs of the disease by modifying a currently 
stablish methodology, namely: the stereotaxic injection 
of LPC (see Table 1 for a summary of our major findings). 
By targeting two major white matter tracts, in addition to 
the mentioned advantages of the LPC model (i.e. mainly 
reproducing CNS cellular events of demyelination/remy-
elination), we were able to recapitulate relevant signs of 
the disease, such as motor and locomotor impairment, 
cardiac and respiratory dysfunction, and polyuria, an 
indicative of uronephrological dysfunction or hyperac-
tive bladder [16].

Motor and locomotor response impairments trig-
gered by cuprizone-induced demyelination have been 
described previously [24, 28], and there are some few 
reports of locomotor failure induced by toxin-injec-
tions into central white matter (i.e. internal capsule, 
[47, 48] or CC, [46]), but to our knowledge, none of 
these models report any complementary signs (i.e. car-
diorespiratory or bladder dysfunction). Indeed, one-site 
LPC injections per se—either into the corpus callosum 

Fig. 7  Double-site LPC injection into callosal and cerebellar white 
matter fibers augments the urine volume. Averaged data of urine 
volume measure from metabolic cages by mice following 7 days 
post-injection (dpi) with PBS (black bar) or LPC (red bar) in the corpus 
callosum and cerebellar white matter. **p < 0.01; LPC treatment 
compared to control (PBS) conditions. (Mann Whitney Test, n = 6 mice 
in control, n = 3 mice in LPC)
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or cerebellar white matter—usually are not associated 
with motor or other more complex clinical outcomes 
[14, 32, 37]. In this line, we found that single-site LPC 
injections into callosal or cerebellar white matter tract 
were not able to evoke major impairments on motor 
cardiovascular or ventilatory parameters. Then, con-
sidering that one-site LPC-injected mice do not show 
evident clinical-like outcomes, we decided to inject 
LPC in these two major white matter tracts during the 
same surgery under the hypothesis that we will produce 
diverse and evident MS-like signs in the animal. In this 
line, previous reports indicated that even when the cer-
ebellum was targeted, there were not obvious motor 
defects (see [14]), suggesting that focal demyelinated 
cerebellar regions are not extensive enough to trigger 
significant effects, although we did find a mild reduc-
tion on locomotor performance when targeted the cere-
bellar fibers only (Fig. 4B). The same has been discussed 
regarding callosal lesions [32, 37]. Then, to overcome 
the possibility that the induction of too small, demyeli-
nated areas could cover putative effects, we increased 
the injected toxin volume (two to four times more than 
reported values, 2 µL versus 0.5 to 1 µL). According to 
our results, the double-site LPC injection (i.e. into both 
callosal and cerebellar white matter fibers) induced 
extensive impairment functions in the animal, probably 
mediated by different mechanisms underlying motor/
autonomic control, being thus a model suitable to study 
motor and cardiorespiratory mechanisms associated to 
demyelination. On this matter, we could speculate, that 
the effect on heart rate and ventilatory function (i.e. 
autonomic control) would be more associated with the 
cerebellum-brainstem communication, while the loco-
motor and motor dysfunction would be more related 
with the spinocerebellar and corticospinal functions 
(i.e. cortical motor neurons projections from layer 5). 
However, since single-LPC injections in either cerebel-
lar or callosal fibers fails to evoke the complete cardi-
orespiratory and motor profile, further analysis must be 

done to characterize the complex responses observed 
in the model.

Conclusion
Summarizing, double-site LPC-injections into the corpus 
callosum and cerebellar white matter induced a panel of 
relevant outcomes ranging from characteristic features 
of lesioned tissue to relevant clinical-like MS hallmarks. 
Thus, here we introduce a complementary preclinical 
mice model of MS that we hope will open new ways to 
deepen our knowledge on the mechanisms of demyeli-
nated diseases and eventually the possibility of develop-
ing trials of experimental MS treatments. Although the 
present model provides a diverse and robust panel of 
MS clinical-like signs, the model lacks the characteris-
tic immune response of MS. In this line, the EAE model 
must still be considered as the gold standard to study 
neuroinflammatory mechanisms, and therefore it could 
be a complementary approach to the MS model intro-
duced here. Then, mice underwent the double-site LPC 
injection, showing demyelination of callosal and cerebel-
lar white matter fibers will allow for the development of 
studies that use the advantages of toxin-demyelinated 
models combined with relevant clinical signs. This might 
correlate cellular mechanisms with particular clinical 
signs or progression time-course, but also could provide 
a scenario to examine the cellular mechanisms underly-
ing common symptoms of MS such as locomotor, cardi-
orespiratory and bladder dysfunction.
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