www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Higher sodium in older individuals
or after stroke/reperfusion,

but not in migraine or Alzheimer’s
disease — a study in different
preclinical models

Chenchen Xial, Wangde Dai?, Juan Carreno?, Andrea Rogando?, Xiaomeng Wu?3,
Darren Simmons3, Natalie Astraea3, Nathan F. Dalleska*, Alfred N. Fonteh?,
Anju Vasudevan®, Xianghong Arakaki'* & Robert A. Kloner?

Sodium serves as one of the primary cations in the central nervous system, playing a crucial role in
maintaining normal brain function. In this study, we investigated alterations in sodium concentrations
in the brain and/or cerebrospinal fluid across multiple models, including an aging model, a stroke
model, a nitroglycerin (NTG)-induced rat migraine model, a familial hemiplegic migraine type 2
(FHM2) mouse model, and a transgenic mouse model of Alzheimer’s disease (AD). Our results reveal
that older rats exhibited higher sodium concentrations in cerebrospinal fluid (CSF), plasma, and
various brain regions compared to their younger counterparts. Additionally, findings from the stroke
model demonstrated a significant increase in sodium in the ischemic/reperfused region, accompanied
by a decrease in potassium and an elevated sodium/potassium ratio. However, we did not detect
significant changes in sodium in the NTG-induced rat migraine model or the FHM2 mouse model.
Furthermore, AD transgenic mice showed no significant differences in sodium levels compared to
wild-type mice in CSF, plasma, or the hippocampus. These results underscore the nuanced regulation
of sodium homeostasis in various neurological conditions and aging, providing valuable insights into
potential mechanisms underlying these alterations.
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Ion channel dysfunction can cause numerous nerve or muscle disorders, including epilepsy, hemiplegic migraine,
hyperekplexia and myotonia'. Some of these diseases share a common characteristic: they usually manifest as
normal neurological function with paroxysmal disease attacks?. This is due to the central neural circuit’s ability to
maintain the stability and plasticity of the brain; both chemical signals and ion transportation play a vital role in
this regulation®*. Cerebrospinal fluid sodium (CSF) could also affect the ion concentration in brain parenchyma,
as the CSF can exchange fluid and ions with interstitial fluid (ISF) by the perivascular spaces*. This suggests that
the homeostasis of ions in the brain and CSF are both crucial for maintaining normal brain function.

Sodium is the main cation of extracellular fluid, while potassium is the primary intracellular cation®®. In
addition to their role in maintaining fluid levels and osmolality, sodium and potassium gradients are essential for
the resting potential and the generation of action potentials”®. Membrane voltage changes can activate voltage-
gated sodium channels (VGSCs), directly associated with the ionic gradient between intra- and extracellular
environments®'®. Although the shape or speed of action potentials may vary in different types of cells, it is
evident that VGSCs initiate the inward current during the rising phase of the action potential'!. This means that
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the modulation in sodium concentration can directly influence the excitability of the central nervous system.
Ionic balance is crucial for maintaining the stability of brain function; changes of extracellular or intracellular
ion gradient can affect the neuron excitability and even lead to brain diseases'>"!*,

Sodium changes have been reported in neurological conditions including stroke, aging, dementia, and
migraine. It is known that excessive salt intake is associated with a higher risk of hypertension, and hyperten-
sion will contribute to stroke, kidney diseases, and cardiovascular diseases'>'”. Sodium magnetic resonance
imaging (MRI) has revealed increased signal intensity in ischemic areas in animal stroke models, and the relative
sodium signal is related to the onset time of stroke in acute patients, suggesting that sodium could serve as a new
biomarker for analyzing stroke progression'®-’. Stroke and hypertension were usually seen in the aging cohort
compared to young individuals®'-*. High sodium diet can link to higher risk of dementia, and animal work shows
that the overdose of sodium can induce an immune response in the gut and promote the cognitive impairment*.
In vitro study also proves that high sodium treatment can increase the Ap levels in HEK293 cells as it can sup-
press the A clearance in the cell?®. Previous research found elevated sodium levels in the CSF during migraine
attacks in migraine patients, without any changes of osmolality or other ion concentrations®. Furthermore, the
total sodium concentration in the entire brain was also elevated in patients with Huntington’s disease, especially
in the bilateral striatum, which is a crucial area for Huntington’s disease?’. Beside these, various models have
demonstrated that intracellular sodium increased during hypertrophy, heart failure and ischemia-reperfusion,
and the elevated sodium levels during heart failure are primarily due to increased sodium influx rather than
decreased sodium efflux?®?. All these findings emphasize the connection between sodium fluctuations and
different diseases, underscoring the importance of investigating the role of sodium in different disease models.
However, most studies explored global sodium changes in the brain through MRI'*-%. Sodium levels have not
been directly determined in the CSF or brain of various preclinical neurological models.

In this study, we induced different neurological disease models, including aging, stroke, Alzheimer’s disease,
and two different migraine models to determine if sodium and potassium concentration fluctuated by genders
in the CSE plasma, and different brain regions in these models of neurological diseases. Our results show cation
changes in a stroke and aging model but not in migraine and Alzheimer’s disease models, thus underscoring
nuanced sodium homeostasis and providing valuable insights into potential mechanisms underlying these neu-
rological models.

Materials and methods
This study is performed in accordance with relevant guidelines and regulations. This study is reported in accord-
ance with ARRIVE guidelines.

Animals

For the aging model, 2-3 months and 18-month-old SD Sprague Dawley (SD) rats were purchased from Envigo
(Inotiv Inc., West Lafayette, IN). For the stroke and acute migraine model, 2-3 months SD rats were also pur-
chased from Envigo. For the chronic migraine study, Familial hemiplegic migraine type 2 (FHM2) heterozygous
mice (Atpla2*/®%7) were kindly provided by Dr. Brennan (University of Utah) and bred at Huntington Medical
Research Institutes (HMRI)®. For the Alzheimer’s disease (AD) model, 6-7 months double transgenic AD mice
(B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) were purchased from the Jackson Laboratory (Bar Harbor, ME).
Animals were housed in a temperature and humidity-controlled room under a 12 h light-dark cycle. Water and
food were provided ad libitum. All animals were habituated for at least 1 week before use for experimental pro-
cedures. A total of 85 SD rats, and 68 mice were used for this study. Animal experiments were in full compliance
with the NIH Guide for Care and Use of Laboratory Animals and were approved by the HMRI Institutional
Animal Care Committees.

Aging rat model and sample collection

12 (6 males and 6 females) 2-3 month-old SD rats were used for the young animal group, and 22 (12 males and
10 females) 18 month-old SD rats were used for the old animal group. Lab rats can live around 2.5-3 years total,
therefore 2-3 months rat are considered the equivalent of young adult humans, while 18-month-old rats repre-
sent approximately 45-50 human years®'~%. Animals were deeply anesthetized with ketamine (90 mg/kg) and
xylazine (10 mg/kg) by an intraperitoneal (IP) injection and placed on a stereotaxic instrument on the heating
pad. After the neck skin was shaved, the CSF collection site was swabbed with 10% povidone-iodine, followed
by 70% ethanol. A sagittal incision was made in the skin below the occiput. Subsequently, subcutaneous tissue
and muscles were separated through blunt dissection using forceps, with the muscles held apart. A glass capil-
lary needle was introduced through the dura mater into the cisterna magna to collect CSF samples. Each animal
yielded a CSF sample ranging from 100 to 150 L. For whole blood collection, 1 mL was obtained through cardiac
puncture under deep anesthesia and placed in EDTA-treated tubes. The collected blood was then subjected to a
15 min centrifugation at 2000 g and 4 °C to obtain the plasma supernatant. Rats were euthanized via decapitation
(while under deep anesthesia), and the choroid plexus, cerebellum, hippocampus, and the rest of the brain were
collected separately. All samples were stored in a — 80 °C freezer until further tests.

Stroke rat model and sample collection

A total of 8 female and 12 male 2-3 months SD rats were used for the stroke study. The rat model of transient
middle cerebral artery occlusion was established according to the method described by Ulug et al.**. In brief, the
rats were anesthetized by an intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). The hair
over the neck area was removed and the skin was cleaned with 70% alcohol. The rat was placed on a water cir-
culating heating pad to prevent hypothermia and the rectal temperature was monitored and maintained around
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37 °C. The rat was intubated and mechanically ventilated with room air with a tidal volume of 1 m1/100 g body
weight at 60 cycles per minute. A surgical incision was performed to expose the right carotid artery. The common
carotid artery was temporarily occluded while a suture (4-0 Silicone rubber-coated monofilament purchased
from Doccol Corporation, Redlands, CA) was introduced into the internal carotid artery and advanced 20 mm
until it interrupted the blood supply to the middle cerebral artery. The suture was left in place for 60 min and
then at the end of the 60 min it was removed. Reperfusion was allowed for 3 h.

Rats were euthanized via decapitation (under deep anesthesia) and the brain was collected for analysis to
assess the anatomic size of the cerebral infarction. The brain was carefully removed from the skull. The brain
was placed into the rat brain slice matrix to slice the brain into even segments. The brain was sliced into 2 mm
coronal segments using razor blades. There were 6 segments when finished. Segments 1, 3, and 5 of the brain
were placed into 1% 2,3,5-triphenyltetrazalium chloride (TTC) solution in a water bath at 37 °C for 15 min to
visualize the stroke (pale white area). We ensured that the TTC solution completely covered the tissue segments.
TTC stains viable brain tissue brick red and the infarct appears as a pale white area (Fig. 2A-B). For brain tissue
ion measurements, segments 2, 4 and 6 the opposing block faces from the slices that were stained with TTC)
were kept on ice for collection of the brain viable and necrotic tissue based on the TTC staining pictures of seg-
ments 1, 3, and 5. The same region from the contralateral side was also collected as their own control group. The
sham group has the same surgery, TTC staining and collection procedures as the stroke group but without the
occlusion step. All the samples were kept in a — 80 °C freezer for further tests.

Migraine rat model and sample collection

A total of 14 female and 17 male 2-3 months SD rats were used for the migraine study. Animals were anesthetized
by isoflurane (5%) and then fastened to a stereotaxis apparatus with continuous isoflurane vapor (1.5-2%). A
heating pad was placed under the animal to maintain the body temperature around 37 °C. The body temperature
and ECG of the animals were monitored throughout the surgery. Around 20 uL CSF were collected from the
cisterna magna before treatment as baseline (as described in the aging rat model part). 10 mg/kg nitroglycerin
(NTG) or the same volume of saline (control) was used to induce migraine or control by IP injection. From
the cisterna magna, around 20 pL CSF and 100 uL CSF were collected at 30 min and 2 h post-administration,
respectively. The animals were euthanized via decapitation (under deep anesthesia) at 2 h post-administration
and plasma, choroid plexus, cerebellum, and the rest of the brain were collected. All samples were stored in a
freezer at -80 °C until chemical analyses were performed.

Familial hemiplegic migraine type 2 (FHM2) transgenic mice model and sample collection

A total of 16 female and 16 male 3-6 months heterozygous mice (Atp1a2*/?%7) and their wild-type (WT) lit-
termates were used for the study. Animals were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg)
cocktail via IP injection. 2-5 uL CSF and about 0.5 mL whole blood (to get plasma as previously described) were
collected from each mouse. Mice were euthanized via decapitation (under deep anesthesia) and cerebellum, and
the rest of the brain were collected and kept at — 80 °C as previously described.

Alzheimer’s disease (AD) transgenic mice model and sample collection

16 female and 20 male 6-7 months Alzheimer’s disease (AD) APP/PS1 double transgenic mice (B6.Cg-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) and their wild-type (WT) littermates were used for AD study. Animals
were anesthetized via IP injection with ketamine (90 mg/kg) and xylazine (10 mg/kg) cocktail. 2-10 uL CSF and
about 0.5 mL whole blood (to get plasma as previously described) were collected from each mouse. Mice were
euthanized via decapitation (under deep anesthesia), and hippocampus and the rest of the brain were collected
and kept at — 80 °C as previously described.

lon chromatography for sodium measurement
CSF and plasma samples stored in a —80 °C freezer were thawed on ice. Deionized ultra-pure water was added
to brain samples at a concentration of 0.05 g/mL. The tissue was then homogenized using an ultrasonic cell
disruptor (Branson 450 Sonifier, VWR, Radnor, PA) at a speed of 2 (output with Constant Duty Cycle) for 5 s
(x5 or until total disruption of the tissues). The resulting homogenate was centrifuged at 13,000 rcf for 10 min,
and the supernatant was filtered (0.2 um PTFE) and frozen at — 80 °C for subsequent ion chromatography (IC)
tests. In the present study, CSF samples were not collected from the stroke model due to the potential impact of
ischemia/reperfusion injury on cerebral swelling. For all the brain samples from the stroke model, CSF samples
from AD and FHM2 mice model, and brain samples from NTG-induced migraine rat model, measurements were
conducted on a Dionex ICS-6000 HPIC System (Thermo Scientific, Waltham, MA). CSF was diluted 1000 times
for the test, while brain samples were diluted 100 times. For the CSF, plasma and brain samples from the aging
model, plasma and brain samples from AD and FHM2 mice model, and CSF and plasma from NTG-induced
migraine rat model, measurements were carried out on a Dionex ICS-3000 HPIC System (Thermo Scientific,
Waltham, MA). Plasma and CSF were diluted 200 times for the test, while brain samples were diluted 20 times.
A Thermo Integrion integrated ion chromatography system was used to measure cation concentrations.
Thermo AS-DV autosampler configured to use 5 mL PolyVials was used to inject the diluted samples into
Integrion. Cations were resolved using a CS-16A separator column (2 mm x 250 mm) protected by a CG-16A
guard column (2mmx50mm, Thermofisher Scientific) maintained at 30 °C. Ultra-pure water was pumped at
0.16 mL per minute and a methanesulfonic acid solution at a constant (isocratic) concentration of 30 mM was
produced using an EGC 500 MSA eluent generator cartridge (Thermofisher Scientific). Suppressed conductivity
detection was achieved using a Dionex CDRS-500 2 mm suppressor operated in eluent recycle mode at 4.2 V.
The conductivity detector was maintained at 35 °C. Diluted samples were loaded into Polyvials (Thermofisher
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Scientific) using the caps with integral filters. The large volume of diluted sample ensured complete flushing of
the system through to the approximately 5 pl sampler loop with < 1% carryover across the relevant concentration
range. Data was processed using ThermoFisher Scientific Chromeleon software, version 7.2. Standard curves
were generated for each species. For sodium concentration, standard measurements were fitted to a line. The
standards used for brain homogenates ranged from ~0.01 to 0.29 mM, while the standards for CSF and plasmid
ranged from ~0.017 to 1.16 mM to ensure the standard ranges adequately covered all sample concentrations.

Statistical analysis

All the data are presented as mean = SD. A two-way analysis of variance (ANOVA) analysis was used to assess
differences in CSF samples between saline and NTG-treated rats in the acute migraine model. Unpaired t-tests
and Mann-Whitney tests were used as appropriate for all the other samples in different models to compare
the sodium (and potassium) changes between the control and disease group. False discovery rate was used for
multiple testing correction and p <0.05 was considered statistically significant. All the statistical analyses and
figures were performed using GraphPad Prism 9 (GraphPad Software, Boston, MA).

Results

Sodium levels were higher in the CSF, plasma and some brain regions in older rats compared
to younger rats

CSE, plasma, and various brain regions were collected from 18 months and 2-3-month-old rats to investigate
sodium changes in older animals compared to younger ones. In 18-months-old female rats, the sodium concen-
trations in both CSF and plasma were significantly higher than in the 2-3 months females (p <0.001, Fig. 1A).
In males, similar trends in sodium changes were observed. In CSF and plasma, the sodium concentration in
18 months males was significantly higher than in 2-3-month male rats (p <0.05, and p <0.01, respectively,
Fig. 1B). Different brain regions, including the cerebellum, hippocampus, and the rest of the brain (e.g., cerebral
cortex, subcortical regions excluding cerebellum and hippocampus) were analyzed. In females, the sodium con-
centration in all these regions was elevated in the 18-month group compared to the 2-3-month group (p <0.01,
p<0.01, and p <0.05 in the cerebellum, hippocampus, and rest of the brain, respectively. Figure 1C). However,
in the males, elevated sodium levels were detected only in the cerebellum of 18 months group (p <0.01), with
no significant differences in the hippocampus or the rest of the brain between the 18 months and 2-3 months
groups (Fig. 1D).

Sodium levels were higher and potassium levels were lower in the ischemic/reperfused area of
stroke compared to the nonischemic areas

In this study, we collected the ischemic/reperfused region of the brain in the stroke model, the brain tissue from
the contralateral region as their own control (Fig. 2A), and the brain tissue from the same side and the same
region in the sham group as the sham control (Fig. 2B). The results showed that the sodium concentration in the
ischemic/reperfused region of stroke in female rats was significantly higher than the contralateral side (p <0.001)
and sham group (p <0.01), while no difference in sodium concentration between the contralateral side and the
sham group (Fig. 2C). The potassium concentration showed the opposite change to sodium in the stroke group.
The potassium concentration in the ischemic/reperfused region was lower than the contralateral side (p <0.01)
and sham group (p <0.05) in females, and no difference was found between the contralateral side and the sham
group (Fig. 2D). Figure 2E shows the increased sodium/potassium ratio in the ischemic region of stroke in
females when compared with the contralateral side or sham group (p<0.01).

In males, the sodium or potassium concentrations in the ischemic/reperfused region of stroke model (com-
pared with contralateral regions or sham group) demonstrated similar changes as in the females. The sodium
concentration was higher in the ischemic/reperfused region than in the contralateral side (p <0.0001) and sham
group (p<0.01, Fig. 2F). The potassium concentration in the ischemic region was significantly lower than the
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Fig. 1. Sodium measurement in 2-3 months and 18 months rats. (A) Sodium concentration increased in the
CSF and plasma of 18-month-old females compared to 2-3-month-old females. (B) Sodium concentration
increased in the CSF and plasma of 18-month-old males compared to 2-3-month-old males. (C) Sodium levels
increased in the cerebellum, hippocampus, and rest of the brain in 18-month-old females. (D) Sodium levels
increased in the cerebellum in 18 months males. n=6 for 2-3 months females and males, n=10 for 18 months
females, n=12 for 18 months males. Data were displayed as mean + SD, *p <0.05, **p <0.01, ***p <0.001.

Scientific Reports |

(2024) 14:21636 | https://doi.org/10.1038/s41598-024-72280-8 nature portfolio



www.nature.com/scientificreports/

Sodium - Female Potassium - Female Na /K - Female
*
. *% .
67 *k 3

% %k

[Na*] pg / mg

[K:] Mg/ mg
- H
.

[Na*] / [K*] Ratio

&© @ N
('9\ "b\’b =)
&
Sodium - Male Potassium - Male
*%
*%
3_
6 %%k %
o % % %k %k o
= > ’ 5
Z 2] £ &
2 ﬂ E g
= . % X,
+ . o — ~
£ ﬁ ’l‘ : ]
T [ +N
Z
0

Fig. 2. Sodium and potassium measurements in stroke rats. (A-B) Example of TTC staining of male rats from
stroke (A) and sham (B) group. (C) The sodium concentration increased in the ischemic/reperfused brain
regions in female rats compared to the nonischemic regions. (D) In females, potassium concentration decreased
in the ischemic/reperfused brain region compared to the nonischemic regions. (E) The sodium/potassium

ratio increased in the ischemic/reperfused brain region in female rats compared to the nonsichemic regions.

(F) The sodium concentration increased in the male rats” ischemic/reperfused brain region compared to the
nonischemic regions. (G) In males, potassium concentration decreased in the ischemic/reperfused brain region
compared to the nonischemic regions. (H) The sodium/potassium ratio increased in the ischemic/reperfused
brain region in male rats compared to the nonischemic regions. n=5 for the female stroke and contralateral
group, n =3 for the female sham group, n=9 for the male stroke and contralateral group, and n=3 for the male
sham group. Data were displayed as mean +SD. *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001.

contralateral side (p <0.001) and sham group (p <0.01, Fig. 2G). Like the females, the male stroke group showed
a higher sodium/potassium ratio in the ischemic/reperfused region when compared with the contralateral side

(p<0.001) and sham group (p <0.01, Fig. 2H).

No sodium concentration elevations compared to baseline were detected in the CSF, plasma
and brain in NTG-treated rats

The CSF samples were collected from 2 to 3-month-old rats at different time points after saline or NTG admin-
istration, including baseline, 30 min, and 2 h after NTG or saline application. In the females, no significant
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differences were observed between the NTG and saline groups across time points (Fig. 3A). In plasma and dif-
ferent brain regions including spinal trigeminal nucleus caudalis (sp5c), ventral posterior medial and ventral
posterior lateral (VPM/L), primary somatosensory cortex, cerebellum and the rest of the brain, the sodium
concentration in the NTG group did not show any differences compared with the saline group (Fig. 3B-C).

In the males, the sodium concentration in the CSF from baseline, 30 min, and 2 h after NTG-treated rats were
comparable with that from their saline group (Fig. 3D). However, in the plasma, the sodium concentration in the
NTG group was significantly lower than the saline group (p <0.05, Fig. 3E). Similar to the female rats, there was
no difference in sodium levels in any of the brain regions between NTG and saline-treated rats in males (Fig. 3F).
In summary, sodium changes observed were only in the plasma: sodium in the plasma of male migraine group
(NTG) were decreased compared to that of the male controls (saline). No sodium changes were observed in the
female plasma, or CSF or brain in either gender.

FHM2 transgenic mice had the same level of sodium in CSF, plasma and cerebellum compared
to wild-type mice

In this investigation, CSE plasma, and cerebellum were collected from 3 to 6-month-old FHM2 mice, a transgenic
migraine mouse model, and their wild-type counterparts from the same litter the test. In both female and male
animals, the sodium concentration in the CSE plasma, and cerebellum of FHM2 mice exhibited similarities to
that of the wild type mice (Fig. 4A-D). No significant differences were observed between female and male mice
in any of the sample groups.

Alzheimer’s disease (AD) transgenic mice had the same level of sodium in CSF, plasma and
hippocampus compared to wild-type mice

In this study, CSF, plasma, and hippocampal samples were collected or analysis from 6 to 7-month-old Alzhei-
mer’s disease (AD) transgenic mice and their wild-type counterparts from the same litter. No significant altera-
tions in sodium levels were observed in any of the sample groups, including both females and males, compared
to control mice. This result indicates that AD transgenic mice exhibited similar sodium levels to those of wild
type mice, as illustrated in Fig. 5A-D. Furthermore, no significant differences were detected between females
and males within any of the sample groups.
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Fig. 3. Sodium measurement in NTG-treated rats. (A) Sodium concentration in the CSF of saline and NTG-
treated female rats. (B) Sodium concentration in the plasma of saline and NTG-treated female rats. (C) Sodium
concentration in the spinal trigeminal nucleus (Sp5c), ventral posteromedial nucleus and ventral posterolateral
nucleus (VPM/L), somatosensory cortex, cerebellum, and rest of the brain in saline and NTG-treated female
rats. (D) Sodium concentration in the CSF of saline and NTG-treated male rats. (E) Sodium concentration

in the plasma of saline and NTG-treated male rats. (F) Sodium amount in the Sp5¢c, VPM/L, somatosensory
cortex, cerebellum, and rest of the brain in saline and NTG-treated male rats. n="7 for saline and NTG-treated
females, n=9 for saline treated males, n =8 for NTG-treated males. Data were displayed as mean+ SD.
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Fig. 4. Sodium measurement in FHM2 mice. (A) Sodium concentration in the CSF and plasma of FHM2
and WT female mice. (B) Sodium amount in the cerebellum of FHM2 and WT female mice. (C) Sodium
concentration in the CSF and plasma of FHM2 and WT male mice. (D) Sodium amount in the cerebellum of
FHM?2 and WT male mice. n=8 for each group. Data were displayed as mean +SD.
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Fig. 5. Sodium measurement in AD mice. (A) Sodium concentration in the CSF and plasma of AD and WT
female mice. (B) Sodium amount in the hippocampus of AD and WT female mice. (C) Sodium concentration
in the CSF and plasma of AD and WT male mice. (D) Sodium amount in the hippocampus of AD and WT
male mice. n=10 for WT female and male mice, n=6 for AD female mice, n=10 for AD male mice. Data were

displayed as mean+ SD.
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Discussions

In this study, we tested whether there were changes in sodium levels in the CSE, plasma and/or regions of the
brain in a wide variety of experimental neurological disease models including aging, stroke, migraine, and
Alzheimer’s disease. The results showed that the sodium concentration was elevated in the CSE, plasma, and
some brain regions in the older rats (18 months) when compared to young rats (2-3 months), and the sodium
concentration increased, while the potassium concentration was lower in the ischemic/reperfused brain area in
the acute stroke model. No significant changes were detected in the CSF, plasma, or brain in our acute migraine
rat model and FHM2 mice model or transgenic AD mice model.

Aging accompanied by sodium accumulation in the CSF, plasma, and brain

Aging may not belong to a disease, but it will be accompanied by an increased propensity for age-related medi-
cal and neurological diseases and the inevitable decline of cognitive functions®. Although studies reported
age-related pathologies and biomarkers, active efforts are still needed to monitor aging and directly link them
to age-related diseases®®*. It is well known that excessive salt intake is associated with higher plasma sodium
concentration and a higher risk of hypertension, while reduced sodium intake links to lower plasma sodium and
blood pressure reduction'>*. In hypertensive individuals, higher salt intake has been reported to increase the
sodium concentration in the CSF from 145.3+0.5 to 147.7 + 0.4 mmol/L***. Similarly, in different hypertensive
rat models, excessive sodium intake can raise CSF sodium levels from 152.3 to 155.2 + 0.6 meq/L*'~**. However,
sodium concentration changes with age are not well studied to our knowledge. In this study, we focused on the
central nervous system of the aging rats and found that the sodium accumulated in the CSFE, plasma, and some
brain regions in the older rats compared to young rats. Hypertension and stroke both increase with age***.
Previous studies also showed that there is a positive relationship between age and blood pressure in rats, which
contributes to the higher hypertension prevalence in the aged group*. Although there is no direct evidence
showing that excessive sodium intake affects brain parenchyma sodium levels, high salt intake has been reported
to induce endothelial dysfunction of cerebral arteries and contribute to cerebral small vessel disease (SVD),
potentially impacting sodium levels in the brain parenchyma*-*. As we have shown, the increased sodium in
the older group may increase the risk of hypertension.

It is well known that aging can lead to a decline in kidney function, the decreased ability to sodium excre-
tion could affect sodium balance throughout the body, and contributing to hypertension and cardiovascular
problems®>!. Additionally, the older population is more prone to dehydration due to a diminished sense of thirst,
which can concentrate the sodium levels in the plasma or CSF?>-**. Reduced fluid intake and increased fluid
output (regulated by the renal system) lead to sodium dysregulation in the body in the elderly*. Several potential
outcomes could relate to brain sodium changes. For example, sodium concentration change in the neurons could
alter the voltage gated sodium channels (VGSCs) activity and neuronal excitability, while the sodium change
in the astrocytes will affect the transportation of transmitters, metabolic pathways, and the homeostasis of the
CNS, which may contribute to different age-related diseases®>%. Whether the sodium elevation is intracellular or
extracellular, and the specific mechanisms of sodium elevation in aging or stroke are worth further investigation.

Sodium elevation after stroke

Previous research found that the sodium signal intensity in ischemic brain lesions of sodium magnetic resonance
image (MRI) showed a linear increase after stroke onset in animal models®”*%, and the elevated sodium could be
used to detect stroke and its recovery assessment®. It is also observed in stroke patients that the sodium intensity
in the ischemic lesion progressed over time from serial data of the same patient'®. Unlike the previous relative
quantification method, we used a direct ion measurement method in this study, and the results demonstrated
that the sodium concentration in the ischemic/reperfused brain region was significantly higher compared to
non-ischemic brain tissue. In contrast, the potassium concentration was lower in the ischemic brain region
compared to normal brain tissue. Stroke can induce cell death due to the shortage of blood supply and hypoxia
can lead to ATP depletion®”. Na*/K*-ATPase (NKA) is a major consumer of ATP in the brain, essential for
maintaining the sodium/potassium gradient of the cell®’. Energy deprivation can induce the failure of the NKA
and increase the intracellular sodium>®°', Interestingly, the protein expression of NKA al, a2, and a3 isoforms
was reduced after stroke reperfusion compared with sham group®. In this study, the increased sodium and the
reduced potassium in the ischemic brain region may be caused by the dysfunction of the NKA. Besides the ionic
dysregulation (sodium changes) in the intra- and extra-cellular environment, it is also reported that stroke can
reduce the influx of CSF to the brain parenchyma after 24 h in mice®. The change in the extracellular environ-
ment after stroke may also worsen the ionic dysregulation and cell damage in the ischemic area, making the
ischemia become more dangerous and complex. In addition, intracerebroventricular (ICV) infusion of higher
sodium artificial cerebrospinal fluid (aCSF) in hypertensive rats will increase the stroke onset (incidence) with-
out changing the blood pressure, which proves that exposure to a high sodium environment will increase the
risk factor for stroke®. Our results of sodium elevation after stroke are consistent with previous reports. All the
findings hint that the normal sodium level in the brain may help to decrease the risk of stroke, and the ischemic
region could not keep the ion balance due to the failure of NKA. Further study of sodium changes intra- or
extra-cellular environment is worth of interests.

The sodium increase observed in the stroke/reperfusion model and aging model in this study may share
some common mechanisms. For example, increased sodium in the ischemic area after stroke/reperfusion can
be attributed to ischemia/reperfusion-related changes, including mitochondria dysfunction®. Interestingly, the
sodium elevation in the aging model may also involve ischemia and mitochondria dysfunction®. Additionally,
aging is associated with greater risk of hypertension and vascular changes, which may increase the risk of stroke.
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Acute migraine, familial hemiplegic migraine and Alzheimer’s disease models are not accom-
panied by sodium change

Previous research found that migraine patients showed higher sodium levels in the CSF, which has a positive
correlation with pain levels’®%”. However, this study did not find any sodium change in either the migraine
mice model (FHM2) or the NTG-induced rat model. The model, age, or method may cause the difference.
For example, we collected the CSF multiple times from the cisterna magna, which may not accurately reflect
potential variations of microdomain sodium that located next to the choroid plexus. Additionally, Harrington
et al. reported a modest increase in sodium levels in cerebrospinal fluid (CSF) collected by lumbar puncture.
Additionally, Harrington et al. have reported that sodium level at CSF collected by lumbar puncture increased
from 145 mM (controls) or 146 mM (migraine patients during interictal stage) to 149 mM (migraine patients
during migraine attack), the numerical change is relatively small, underscoring the subtlety of the observed
alterations®®. The sodium change at the brain level may be more significant than at the spinal level. Similarly,
Abad et al. reported sodium elevation in the NTG-treated male rodents®®. However, no sodium changes were
detected in the current study, either in males or females. The difference may be due to the temporal and spatial
collection of sodium images using non-invasive MRI compared with the invasive collection of CSF from different
timepoints after NTG treatment in our present IC studies. It is possible that MRI may be able to pick up subtle
region or microdomain-specific sodium changes, while our method only pick up dramatic changes.

Although previous studies showed that high sodium intake correlates with worse cognition, and AD patients
show higher intracellular sodium or potassium levels in the brain tissue, we did not find any sodium change
in our AD mice model®-"!. The different findings may be due to the different samples, ages, and methods used
for the test. Previous tests were all performed on AD patients while we were using the AD mice model. While
previous investigators introduced MRI scanning for aged patients (over 70 years old) or flame photometer for
the AD brain samples (mean: 79 years old), our research group used a direct cation measurement in younger
mice (6-7 months old) and did not observe a change of the sodium in the CSF, plasma, and hippocampus.
Also, since age is a risk factor for AD, our cross-sectional studies may not capture temporal changes in sodium
observed in our model.

To summarize the key findings, we observed an increase in sodium levels in aging rats (CSE, plasma, and
brain regions) and in a stroke model (ischemic/reperfused brain region). In contrast, no sodium changes were
observed in the CSF or brain in our acute migraine model induced by nitroglycerin or in a transgenic mice
migraine model. Additionally, sodium was also not increased in a transgenic AD model. Therefore, despite
limitations, we reported that increased sodium levels may be an outcome or have significant pathological effects
on some but not all neurological conditions. Our unique method can help detect sodium changes in only specific
pathological conditions.
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