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ARTICLE INFO ABSTRACT

Keywords: Recent reports on cognitive dysfunction, in addition to skeletal muscle fatigue, in muscle-specific tyrosine kinase
MuSK antibody seropositive (MuSK + ) myasthenia gravis (MG) patients led us to study cognition in mice with MuSK +

Myasthenia passive transfer MG (PTMG). Twelve 7-week-old female wild-type C57BL/6J mice were passively immunized
Mice_ . . with IgG from MuSK+ MG patients and 12 control mice received intraperitoneal saline injections. Mice were
g:ﬁ:&gﬁf ysfunction evaluated with clinical, neurophysiological and behavioral tests (Barnes maze (BM) and novel object recognition
Hippocampus (NOR)), and the muscles were immunostained to evaluate the neuromuscular junction in the end of the study.

Two-thirds of the immunized mice developed clinically distinct MuSK+ PTMG. MuSK + PTMG mice spent less
time exploring the novel object in the NOR test (MuSK+ mice 36.4% = 14.0 vs controls 52.4% = 13.0,
p = .02), unrelated to the muscle weakness and regardless of rodents' innate preference of novelty. In the BM
test, control mice were more eager to use the direct strategy than the MuSK+ mice (MuSK+ 17.3% vs controls
29.5%, p = .02). Our findings shed new light on cognition dysfunction in human MuSK+ MG patients and

indicate that recognition memory in the perirhinal cortex could be affected in MuSK+ MG.

1. Introduction

In addition to disturbed neuromuscular transmission and muscle
fatigue, cognitive defects in myasthenia gravis (MG) patients were de-
scribed already in 1988 [1]. Another study reported significant diffi-
culties on several measures of cognitive function in MG patients ser-
opositive for acetylcholine receptor antibodies (AChR+), including
response fluency, information processing as well as verbal and visual
learning [2]. Moreover, reports of REM sleep reduction [3] and detec-
tion of AChR antibodies as well as pathologically elevated proportion of
enlarged lymphoid cells in the cerebrospinal fluid [4,5] support the
hypothesis of central nervous system (CNS) involvement, at least in
AChR + MG.

Additionally, case reports have emerged on cognitive dysfunction in
MG patients who are seropositive for muscle specific tyrosine kinase
antibodies (MuSK+) [6,7]. Recent reports found that MuSK+ MG pa-
tients are cognitively more impaired than healthy subjects in the Free
and Cued Selective Reminding Object Test, that involves the recogni-
tion and memory of objects and implies the functioning of hippocampus
and perirhinal cortex [8]. In MG, the MuSK antibodies inhibit the es-
sential role of the receptor in neuromuscular junction (NMJ) trans-
mission, maintenance and integrity [9]. Nevertheless, in contrast to

what is suggested by its name, MuSK is actually expressed throughout
the body and in particular in the brain [10]. Two isoforms of MuSK can
be detected in the CNS and inhibition of MuSK using receptor specific
intrathecal antisense oligonucleotides results in memory deficits in ro-
dents [10,11]; implying an important role for MuSK in long-term po-
tentiation. It is thus conceivable that MuSK antibodies, in addition to
the MG phenotype as that occurring in MuSK+ MG, could result in
similar cognitive dysfunction in these patients.

In the light of the reported cognitive problems in patients with
MuSK+ MG, the aim of our study was to investigate whether cognitive
dysfunction can be observed in the MuSK+ PTMG mouse model, in
addition to myasthenic muscle fatigue.

2. Methods
2.1. Subjects

Female wild type C57BL/6J mice were supplied from Taconic
(Denmark). Mice aged 6 weeks at arrival, weighing approximately 19 g,
were housed under standardized conditions (21 °C, humidity 45-65%)
under a 12 h light/dark cycle with lights on at 06:00, 3 mice per cage.
Food and water were provided ad libitum and soft food and water
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bottles with long nipples were provided after immunization start. The
Local Ethical Committee in Uppsala, Sweden, approved the animal
procedures (C41/15). All the procedures, behavioral tests as well as
cleaning the cages were conducted by the same person (LS). The mice
were exposed to daily handling before conducting the behavioral tests.
The experimenter (ARP) was blinded to the immunization status of the
mice when conducting neurophysiological and clinical evaluation.

2.2. Patient material

Plasma was obtained from therapeutic plasma exchange of four
patients with MuSK+ MG at the Neurology Department, Catholic
University, Rome. Their clinical characteristics are described in the
Supplementary material (Supplemental Table 1). Patients signed in-
formed consent for the experimental use of their plasma for im-
munization purposes.

2.3. IgG purification

Total IgG was purified from plasmapheresis material using a human
total IgG-specific affinity resin (BAC BV, www.captureselect.com) on an
AKTA explorer 900 (Pharmacia Biotech). The protocol has been de-
scribed in detail previously [12]. In brief, the amount of plasma used
per run was based on the IgG subtype concentrations, and the dynamic
capacity of the column material was 15 mg/ml for the IgG total affinity
resin. The flow rate for all steps was set at 13 ml/min. Before addition of
patient material, the column (POROS™ GoPure™ MabCapture™ A Select
Pre-packed Column, Thermofisher, Gothenburg, Sweden) was equili-
brated with phosphate-buffered saline (PBS). Eluted fractions per pur-
ification containing high concentrations of IgG, based on OD280 mea-
surements, were pooled and subsequently dialyzed to PBS (molecular
weight cut-off 3.5kD) and sterilized using a 0.22um filter (Millipore,
Burlington, Massachusetts, MA). Samples from each dialysis fraction
were loaded on an 8% sodium dodecyl sulphate-polyacrylamide (SDS)
gel using sample buffer without a reducing agent. Separated proteins
were either stained with Coomassie brilliant blue or transferred to
PVDF membrane (Millipore, Burlington, Massachusetts, MA, USA).
Transfer efficiency was checked by incubation in ponceau S buffer [12].
The protein concentration was measured with nanodrop (A280; mg/
ml).

2.4. Cell based assays

Murine myoblast cells C2C12 (ATCC, Manassas, VA, USA) were
plated at 5 x 10® density in Dulbecco's modified Eagle's medium
(supplemented with 20% fetal bovine serum) and passaged when
myoblasts reached 50% confluence. Myoblasts were plated at near-
confluent density in collagen coated 24-well trays in 5% horse serum to
induce differentiation. Incubation proceeded until large myotubes
formed (5 days) and AChR cluster formation was induced by addition of
recombinant neural agrin (100 pM) to the culture medium [13]. In
addition to the experimental cultures exposed to MuSK-MG IgG
(4.5mg) * neural agrin, control cultures were exposed to healthy
donor IgG (4.5mg) * neural agrin. AChRs were labelled by adding
TRITC-a-bungarotoxin to the culture medium (10 pg/ml). After 30 min,
washing was done with warm medium and then the cells were fixed
with 95% ethanol at —20 °C for 5 min.

The number of large AChR clusters (N 25 um long) were counted per
myotube segment on a fluorescence microscope. The operator (ARP)
was blinded to the experimental groups.

2.5. Immunization
To induce MG, every mouse received the same amount (7.5 mg) of

purified MuSK MG patient IgG through intraperitoneal (i/p) injection
daily each morning for 14 consecutive days. Twelve mice were
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immunized with MuSK IgG from 3 MG patients (patient #1-3 mice,
#2-6 mice, #4-3 mice), IgG from patient #3 was eventually not used
because the concentration of IgG was not sufficient. Twelve control
mice received daily injection of 300 ul PBS i/p. Cyclophosphamide was
injected i/p (300 mg/kg) 24 h after the first IgG injection to prevent an
active immune response to the human protein. Each morning the mice
were weighed and evaluated for muscle weakness and fatigue.

2.6. Clinical evaluation

Mice were observed for visual scoring of onset of MG and tested for
muscle strength before immunization [14]. At first, the mice were ob-
served on a flat platform for 2 min and then exercised gently by drag-
ging them suspended by the base of the tail across a grid 20 times as
they attempted to grip the grid. After an inverted mesh hang-time test
was performed (by placing the mouse on an upside-down grid for 180 s)
and muscle fatigue in grip strength was evaluated. The mice were given
3 attempts and the longest hanging time was noted.

Clinical muscle weakness was graded as follows: grade 0.5: the
mouse appears somewhat less active than normal after the standard
exercise regime, hang-time > 60s; grade 1: mouse appears normal
before the exercise but lies prone and remains largely immobile after
the test and/or hang-time < 60 s; grade 2: before and after the exercise
the mouse lies prone, remains immobile and/or hang-test < 30's; grade
3: severe weakness and appears dehydrated and paralyzed with > 15%
weight loss and/or hang-time Os [9,14]. Mice with muscle weakness
grade 2 were not included into the behavioral study and mice with
grade 3 were euthanized to reduce the suffering. The clinical scoring
was done by the blinded experimenter (ARP).

2.7. Neurophysiological protocol

The mice were neurophysiologically examined on day 4 and day 15
under inhalation anesthesia with isoflurane/oxygen, with the adjusted
isoflurane concentration to suppress reflexes but maintain steady
breathing. In order to maintain a physiological body temperature, the
mice were kept on a heating pad at 37 °C during the entire procedure.
Repetitive nerve stimulation (RNS) was performed with Keypoint
equipment (Dantec Keypoint Focus, IEC 60601-1-1, Natus, Pleasanton,
CA, USA). Monopolar needle electrodes with a recording area of 2 mm?
each were inserted at 2 positions 2-3 mm along the nerve and recording
with an identical monopolar electrode was made from the corre-
sponding muscle belly. In each animal RNS was performed with
10 supramaximal stimulations (3 Hz) where an abnormal decrement
was defined as =10% run-down of the amplitude between the 1st and
the 4th response (performed by the blinded experimenter ARP). The
protocol has previously been described in detail [15]. In brief, re-
cording from the masseter muscle (right-sided) was performed upon
stimulation of the trigeminal nerve close to the zygomatic process and
recording of the medial gastrocnemius muscle (right-sided) upon sti-
mulation of the sciatic nerve at the sciatic notch.

2.8. Antibody assays

To determine the reactivity and epitope specificity of the purified
MuSK MG patient IgG, a MuSK ELISA was performed according to
previously described protocol [16]. In short, the full-length extra-
cellular domain of MuSK or ~100 amino acid long overlapping frag-
ments of the extracellular domain were immobilized in a maxisorp
plate. The plate was blocked with 1% casein, 0.05% tween in PBS and
purified IgG was subsequently allowed to bind. Bound antibodies were
detected with a mouse anti human IgG4 antibody (1:5000, NI315
Nordic Biosite, Tdby, Sweden) and rabbit anti mouse conjugated to
alkaline phosphate (1:750, Dako, Glostrup, Denmark). Plates were de-
veloped with p-Nitrophenyl Phosphate Substrate and imaged on a
biotek plate reader at 405 nm.
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2.9. Neuromuscular junction (NMJ) staining and fragmentation scoring

Mice were euthanized by CO, inhalation and the sternomastoid and
omohyoid (left-sided) muscles were dissected. The methods for staining
have been described in detail previously [17,18]. Briefly, the muscles
were mounted on Sylgard in Petri dish, injected with 50 ul of tetra-
methylrhodamine-conjugated a-bungarotoxin (5 pg/ml; Sigma-Aldrich,
Stockholm, Sweden) and incubated for 30 min. Incubation with primary
antibodies against neurofilament (1:10,000, 200 kD, Abcam, Cam-
bridge, UK) overnight at 4 °C followed by washing with 1% BSA and
then incubated for 1h with goat-anti-chicken secondary antibodies
(1:1000; Alexa fluor 488, Abcam, Cambridge, UK) in blocking buffer.
The muscles were examined with fluorescence microscope (Nikon
Eclipse, Lvdia-N). Laser gain and intensity were equal for all images.
Quantification of postsynaptic area was performed in ImageJ. The
number of postsynaptic fragments was counted using fluorescence mi-
croscopy of AChRs in =30 NMJs per muscle from all the 12 immunized
mice and 10 control mice.

2.10. MuSK IP of brain lysates of PTMG versus control mice

The hippocampus was removed and subsequently lysed. Protein
concentration was measured with Bradford protein assay and the same
amount of protein was used from every brain lysate. Protein A-agarose
slurry was incubated with 1:1000 rabbit anti-MuSK antibody (abs549,
Sigma Aldrich, Saint Louis, MO, USA) for 1-12h at 4 °C under gentle
rotation. Centrifugation at 2000 rpm for 2 min at 4 °C and the super-
natant was discarded. Protein A beads were washed with lysis buffer
(homogenization buffer), centrifuged at 1000-3000 X g for 2 min, 3 X.
The brain lysates were kept on ice and 50 pl of beads were added to
each sample and incubated for 1 h at 4 °C. 40 pl of non-bound sample
per sample was mixed with 40 ul 4xSB with dtt. Beads were spun down
and transferred to cold 1.5 ml Eppendorf tubes to minimize the volume.
Washed 3 x 10 min at 4°C with 500 pl lysis buffer and supernatant
removed. Added 50 pl 2xSDS buffer to the beads and cook for 5 min at
95 °C. 10% SDS-PAGE gel was run (10 pul sample per well). The gel was
removed and the plates put into cold transfer buffer. The membrane
was washed in transfer buffer before assembling the sandwich before
transfer of the gel to the nitrocellulose membrane. Transfer for 2-3 h at
300 mA was controlled with ponceau S staining. The membrane was
blocked 30 min-1h at RT using blocking buffer (2% BSA in PBS).
Addition of primary antibodies diluted in blocking buffer: 1:1000 rabbit
anti-MuSK. Incubation at 4 °C overnight washing 3 times of the mem-
branes with TTBS 5 min each. Incubation of the membranes with con-
jugated secondary antibodies in blocking solution (anti-rabbit and anti-
mouse) for 1h rolled at RT. Washing 3x PBS-T 5min each and ex-
cessive reagents removed before the image was scanned.

C2C12 cells were prepared accordingly as positive controls: 7 days
old C2C12 cells were trypsinized and spun down. (0.5-1 X 106 cells) at
3000 rpm 5’ at 4C. The supernatant was completely removed and the
cell pellet was lyzed in 500 ul of homogenization buffer on ice for
30 min.

2.11. Behavioral tests

The behavioral tests generally used to assess various modes of
cognition in mice include the Barnes maze (BM) and Novel Object
Recognition (NOR) [19]. The BM and NOR tests investigate spatial
learning as well as memory consolidation, which are critically influ-
enced by the medial entorhinal cortex in the dorsal hippocampus [15].

2.11.1. Barnes maze

To investigate spatial learning and memory consolidation, 12 MuSK
+ MG mice and 12 control mice were tested in the Barnes maze (BM)
using an adapted Nature Protocol [20] (doi:https://doi.org/10.1038/
nprot.2007.390). The maze was a white circular table with 20 equally
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spaced holes around the outer border, 105cm above the floor and
diameter 92 cm. The escape box located at 9 o'clock direction during
the familiarization and acquiring phase. Bright light (420 1x) was used
as reinforcement. Two external visual cues were placed around the
maze and the endogenous cues were the same during the whole study.
All tests were performed by one experimenter (LS). On the first day
(immunization day 5), all mice completed one habituation trial where
they explored the maze for 5min. If the mouse did not go to the hole
within 5min, pulling the base of the tail in the opposite direction or
placing it directly into the escape box gently directed it. The mouse was
allowed to stay there for 2 min. After the adaption period, each mouse
underwent 4 spatial acquisition trials per day for 4 days with inter-trial
interval of 15 min. The experimenter placed the mouse in a cylindrical
black start chamber in the middle of the maze for 10 s. The mouse was
then released from the chamber and allowed to explore the maze for
3 min. The trial ended after 3 min or when the mouse entered the es-
cape box. If the mouse did not enter the escape box, it was placed into
that and left for 1 min. After each trial the maze and the escape box
were cleaned with 70% ethanol. On day 5 (immunization day 9) and 12
(1 day after immunization ended) probe trials were conducted. The
escape box was removed and the test lasted 90 s. The EthoVision XT11
detection program was used to automatically analyze the video files
and all the files were also manually analyzed. The main outcomes
measured were primary and total errors and primary latency during the
acquisition phase and primary errors, primary latency, number of pokes
in each hole and path length to reach the virtual target hole during the
test. The behavior of mice was also manually classified as direct, serial
or random.

The best-known and utilized tests evaluating visual-spatial working
memory in humans are the Corsi Block-Tapping Test (CBT) and Visual
Pattern Span [21].

2.11.2. Novel object recognition

To test recognition memory the novel object recognition (NOR) test
with familiarization phase on 10. immunization day and test phase 24 h
later were used since this is considered the most appropriate test for
memory in animals, as well as in humans [22]. Of the 24 mice, all 24
performed the familiarization and test phase of NOR. We adapted the
protocol from Leger et al. [23]. Behavioral procedures were carried out
in a circular arena with 43 cm in diameter and 30 cm high, 79 cm above
the floor. To avoid any stress from bright light, lighting was adjusted to
501x in the center of the open field. Each mouse was presented with
two similar objects (A + A) during the habituation phase for 3 min.
Spatial cues were avoided. The intersession interval was 24 h. On the
second day, one familiar (A) and one new object (B) were presented to
the mouse (A + B or B + A). The amount of time taken to explore the
familiar and the new object were measured and discrimination index
(DI) calculated (DI = (Byme-Atime)/(Btime + Atme)). The maze and the
objects were cleaned with 70% ethanol after each trial. The experiment
was video recorded and analyzed by EthoVision XT11 and also ana-
lyzed manually. Object exploration was defined as nose contact with
the object or directed toward it at a distance <2 cm. Climbing over the
object was not considered an explorative behavior, unless it was ac-
companied by nose-directing behavior toward the object. There is
certain connection to the Free and Cued Selective Reminding Object
test, performed in human patients, since both test recognition and
memory of objects [22].

2.12. Statistical analysis

Power calculation was done prior to the study. In order to achieve a
power of 80% and alfa-error of 5% with an estimated weight difference
of 5% between immunized and control mice, 12 PTMG mice and 12
control mice would be required. Paired or independent t-test was per-
formed for parametric data. In case of non-parametric data, the Mann-
Whitney U test was applied. Differences with p-values < .05 were
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considered statistically significant. All analyses were performed using
StatsDirect software version 3.1.4 or Graphpad version 6.07 for
Windows (Graph Pad software, La Jolla, CA, www.graphpad.com).

3. Results

3.1. Characterization of MuSK antibodies and MuSK expression in the
hippocampus

All purified IgG samples bound recombinant FL extracellular MuSK
and had reactivity against the N terminal Ig-like 1 domain (aa 21-125)
in ELISA (Supplemental Fig. 1). Sample # 1 also had additional low
reactivity against the Fz domain. This material was subsequently used
to induce MG in mice. Myotubes exposed to MuSK + IgGs were smaller
and with reduced number of AChR clusters than myotubes exposed to
control IgGs (26.0 = 7.0 vs 48.3 = 8.7, p = .004; (Supplemental
Fig. 2).

To assess whether exposure to MuSK MG IgG reduced the expression
of MuSK in the hippocampus, MuSK protein concentration was de-
termined in the brains (hippocampus) of the PTMG MuSK+ mice in
comparison to the control mice. There was however no overall sig-
nificant difference in the MuSK+ PTMG mice compared to the controls
(Supplemental Fig. 3).

3.2. MuSK+ PTMG clinical and neurophysiological characteristics

Out of the 12 female mice immunized with human MuSK IgG, final
PTMG grade 3 was observed in 1 mouse (8.3%), grade 2 in 1 mouse
(8.3%), grade 1 in 4 mice (33.3%), grade 0.5 in 2 mice (16.7%) and
grade 0 in 4 mice (33.3%) (Supplemental Table 2). As expected, RNS on
immunization day 4 did not reveal any decrement in neither group of
mice in any muscle. However, on the 15th day after the immunization
initiation, four immunized mice revealed a decrement of 10-15% on
RNS (Supplemental Fig. 4, Supplemental Table 2). The MuSK im-
munized mice did not gain weight during the study (from 19.6 = 1.0g
t0 19.6 = 1.5g,p = .91) in comparison to control mice, whose weight
increased significantly (from 19.9 + 0.9gto 20.7 + 1.1g, p = .0003)
and was significantly higher by the end of the study (p = .04).

Immunostaining of AChRs at the NMJs of the omohyoid muscle
revealed that a significantly higher number of postsynapses of MuSK +
PTMG mice were fragmented and lost their pretzel-shape (3.3 + 1.7)
compared to control mice (2.7 = 1.4;p = .0001). A similar picture was
seen with higher number of fragmented NMJs in the sternomastoid of
MuSK+ PTMG mice (3.7 = 2.0) compared to control mice (3.2 = 2.3,
p = .02; Supplemental Fig. 4C).

3.3. Behavioral studies

3.3.1. Barnes mage test (BM)

Both the MuSK + and control mice were able to learn the task with
decreasing number of primary errors as well as shorter primary escape
latency over the training phase (Fig. 1). Nevertheless, the number of
primary errors was higher in the MuSK + mice; although likely due to
high variance this did not attain statistical significance (Table 1). The
strategy to find the target hole was mostly mixed or serial in MuSK +
mice at the beginning of the acquisition, reaching to direct and serial
strategy by the end of the learning phase (Fig. 2). Intriguingly, the
control mice were more eager to use the direct strategy already in the
beginning of the study after a short adaption period (MuSK+ 17.3% vs
controls 29.5%, p = .02). In the probe trial, day 5, MuSK+ mice spent
less time (51.2%) in the correct zone compared to the control mice
(66.2%, p = .02). The difference did not remain significant by the
second probe trial on day 12, suggesting that this finding was not
strictly related to the induction of MG. We did not find significant
differences between the groups in primary escape latency, number of
wrong holes visited nor the whole path length to reach the hole where
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Fig. 1. Primary errors and total number of errors during the acquisition phase
of the Barnes maze in MuSK + mice and controls. (A) Primary and total escape
latency during the acquisition phase of the Barnes maze in MuSK+ mice and
controls (B). Data displayed as mean + SD.

escape box should have been on neither trial days. Still, there was a
tendency of MuSK+ PTMG mice to perform worse than the controls on
day 5 (Table 1).

3.3.2. Novel object recognition test (NOR)

Four MuSK+ PTMG mice and two control mice were excluded from
the final analysis because of their minimal activity and no interest of
the objects (motivational or emotional reasons) [23]. The MuSK + mice
excluded were Al (antibodies from pat#1), A2 (antibodies from
pat#2), A3 (antibodies from pat#2) and C4 (antibodies from pat #4).

Time spent exploring individual objects during familiarization
phase was not different among the groups (MuSK + mice 11.3 * 5.6s
vs controls 15.5 + 8.6s, p = .23). Still, 24 h later, MuSK + mice spent
less time in exploring the new object (MuSK+ 36.4% *+ 14.0 vs con-
trols 52.4% * 13.0, p =.02) and the exploration time in MuSK+
group decreased significantly in comparison to the familiarization
phase (Fig. 3). Such significant decrease in exploration time did not
appear among the control mice.

4. Discussion

Several studies suggest that MG patients experience cognitive pro-
blems, especially AChR+ MG patients [4,5]. Camillo Marra and col-
leagues did not find differences in cognitive function between elderly
MG patients (most of them AChR+ MG patients) and controls [24].
When the same research group concentrated on MuSK+ MG patients,
they found that MuSK+ MG patients scored worse in linguistic tasks
and memory recall [8]. MuSK+ MG using passive transfer of human
MuSK antibodies to mice is a well-established model of MG, and
therefore the passive transfer MuSK MG (PTMG) model could help
advancing the knowledge on its possible cognitive defects [12,13]. Our
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Table 1
The number of errors, primary latency and path length (mean =+
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SD; median (min; max)) of mice with muscle-specific tyrosine kinase (MuSK +) passive transfer

myasthenia gravis (PTMG) and control mice on Barnes maze test probe trials on day 5 and 12.

Day 5

MuSK+ PTMG mice

Primary number of errors Mean * SD 6.6 = 85; 3
Median (min; max) 3 (0; 29)

Primary latency (sec) Mean * SD 15.5 + 20.3
Median (min; max) 9 (3;74)

Primary path length (cm) Mean * SD 152.5 = 171.7
Median (min; max) 80 (41; 629)

Day 12
Control mice p- value MuSK+ PTMG mice Control mice p-value
26 + 25 50 + 3.3 35 + 25 .75
2.5 (0; 9) .33 5(1;12) 4(0;7)
8.7 £ 6.4 16.7 = 11.1 145 + 9.0 .61
7 (2; 24) .48 12 (4; 38) 11 (3, 29)
74.3 £ 435 110.6 + 78.4 89.4 + 46.7 .68
62 (41; 190) .28 75 (43; 268) 83 (41; 161)
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Fig. 2. Search strategies used by MuSK + mice (A) and control mice (B) during
the acquisition phase of the Barnes maze. Number of observations displayed.
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Fig. 3. Exploration time of the novel object in the novel object recognition test
during habituation phase and 24 h later at test phase in MuSK+ and control
mice. *p < .05.
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finding that MuSK + PTMG mice spent more time exploring old objects,
regardless of the innate preference of novelty in rodents, indicates
deficits in non-spatial memory required to remember selections already
made. The MuSK+ PTMG mice also examined objects less in the NOR
study and they learned slower than controls in the BM test. Never-
theless, no substantial differences were found in their overall spatial
memory.

MuSK is crucial for the transmission and integrity of the NMJ and
little is known about its possible role for cognitive symptoms. When
MuSK was described, it was generally accepted as a protein expressed
only in muscles [25,26]. Since then, more information on MuSK ex-
pression is available, highlighting that it is also expressed in the brain,
in neurons and in several non-neuronal tissues [27,28]. Two MuSK
isoforms were described in the hippocampus, cortex and cerebellum as
well as in muscle and myotube extracts and they were expressed si-
milarly in brain tissues and muscles [10]. Our study thus highlights the
role of MuSK in memory consolidation, synaptic plasticity and med-
iating cholinergic responses. Further, they suggest that MuSK expres-
sion in the hippocampus is required for consolidation of inhibitory
avoidance memory. Hippocampal activation is considered to be related
to the detection and encoding of novel information [29,30] and it is
required when task parameters include spatial or contextual factors
[31]. In the present study, we used BM to study the spatial memory,
however we did not find a significant difference between the groups.
MuSK+ PTMG and control mice did not differ in finding the target
hole, although MuSK mice made slightly more primary errors. In the
initial learning phase, the control mice used a more direct strategy than
MuSK+ PTMG mice, which suggests that control mice chose spatial
navigation technique over a serial-search strategy [32]. The use of di-
rect strategy increased in the MuSK + group by the end of the learning
phase, which implies slower learning, although no decline in spatial
short- or long-term memory was obvious.

Similarly to Bohbot et al. who examined AChR+ MG patients, our
findings would argue that the cognitive problems MG patients have
might lie in remembering which selection they previously made not
recalling spatial locations or objects per se [33]. We evaluated object
recognition memory by the NOR test with the purpose to assess whether
subjects remembered the previously presented object. In the test only
one object was changed not the place of the objects or the arena. We
used objects recommended from previous studies in our lab having
different color, shape, and size but not material. So, the discrimination
could not have been by olfactory cues [19]. Naturally rodents should
spend more time in exploring novel objects [34] and thus remember
which stimulus they previously encountered. These processes involve
structures beyond the hippocampus [35]. As the MuSK + mice did not
prefer novel stimulus in the NOR test, this suggests that MuSK+ PTMG
mice had poor memory of the familiar stimulus. The recognition
memory, which was disturbed in MuSK+ mice, depends mostly on
perirhinal and entorhinal cortices and has been investigated in different
mouse models [19,31]. It could be questioned whether motor dis-
turbance due to clinical weakness of PTMG could have influenced the
object exploration in the NOR. To avoid this doubt, we excluded the
mice with severe weakness. Further, although our experimental
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manipulation altered basic motor behavior, required to explore the
object, such an impairment should be expected to have the same effect
on the exploration of the novel and familiar object [34]. In addition,
depressive symptoms such as anxiety are common among patients with
autoimmune diseases [36], therefore we can not rule out that cognitive
performance may be related to a depressive state.

This study has a number of potential limitations that could have
influenced the results. In line with previous studies [18,37], not all our
immunized mice developed clinical myasthenia. Presumably this also
could have had impact on the behavioral results, as the group could
have become too small to draw reliable statistical conclusions in the
BM. Two-thirds of immunized mice displayed clinical weakness and
they did not gain weight as the control mice and one reason could be
the mode of passive immunization of human MuSK antibodies. This was
in line with previous findings that mice injected with IgG purified from
MG patients did not gain overt weakness nor lose weight [37]. The
amount of MuSK IgG used was not very high because too weak animals
should have been excluded from the behavioral test due to their
minimal activity and ethical reasons. Secondly, we injected control
mice with PBS not with purified IgG from healthy persons and that
could have had effect on the results. Thirdly, the reason for not de-
tecting an abnormal decrement so often could be that the disease
duration was limited at the RNS evaluation, and the possibility to detect
decrement in the acute phase of MG is limited [38]. The time limita-
tions that arose from the tight schedule of passive immunization further
did not allow us to perform more behavioral tests. Initiation of testing
too early after immunization onset could have also affected the results
and suggested inter-trial interval periods restricted to perform more
studies on 1day. Further, in the BM test we used bright light as a
motivator. Therefore, the behavior we noticed could have been ex-
ploratory instead of escape as they were not motivated to escape. In the
NOR test we had to exclude six mice because their total object ex-
ploration was < 3s [39] and they were “frozen” most of the time. This
could have been stress- or anxiety related; however, this behavior was
not observed in the BM test although the experiment conditions were
almost the same and no motivation was used. Lastly, we know that
memory processing in human differ between the left and right hippo-
campus. Lateralized memory processing in mice is not as clear [40,41]
therefore we studied MuSK protein concentration from both hippo-
campuses. Despite these limitations, we believe that our study provides
important evidence to support the cognitive dysfunction observed in
human MuSK+ MG in the MuSK+ PTMG model.

In conclusion, this is the first study to provide support of the similar
cognitive dysfunction in MuSK+ PTMG mice that have been observed
in MuSK+ MG patients. Further, our results indicate that MuSK anti-
bodies might affect the perirhinal cortex that is important in object
recognition memory.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.02.001.
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