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Trehalose elevates brain zinc levels following
controlled cortical impact in a mouse model of
traumatic brain injury
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Zinc (Zn) deficiency is a clinical consequence of brain injury that can result in neuropathological outcomes

that are exacerbated with age. Here, we present laser ablation-inductively coupled plasma-mass

spectrometry (LA-ICP-MS) imaging data showing modulation of brain Zn levels by the disaccharide
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trehalose in aged mice following a controlled cortical impact model of traumatic brain injury. In this proof-
of-concept study, trehalose induced an increase in brain zinc levels, providing important preliminary data
for larger studies using this simple carbohydrate as a modulator of this essential micronutrient in traumatic

brain injury. Our results may have further implications for the treatment of a variety of neurodegenerative
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diseases and other disorders of the nervous system.

Traumatic brain injury can result in both acute and chronic neurological dysfunction. Zinc is an essential micronutrient involved in a multitude of critical

neurological processes, including the biological response to brain injury. In this research manuscript we describe the results of a proof-of-concept study that

treated mice with the disaccharide trehalose, delivered orally for 28 days following a controlled cortical impact. Trehalose induced an increase in brain zinc
levels, providing important preliminary data for larger studies using this simple carbohydrate as a modulator of this essential micronutrient, which may have
implications for the treatment of a variety of neurodegenerative diseases and other disorders of the nervous system.

Introduction

Traumatic brain injury (TBI) is a major international health
concern with growing incidence in high-income countries."
Whilst TBI is a major cause of death and disability in young
people,'®? the age at which injury is sustained is a contributing
factor to morbidity and mortality.® Further, the age at which a
TBI is sustained has a negative influence on risk of neuro-
degeneration, including Parkinson’s disease,* dementia (including
Alzheimer’s disease)® and amyotrophic lateral sclerosis.® Consistent
with several other age-related neurodegenerative disorders,
evidence suggests that disrupted Zn homeostasis is involved
in TBI-induced neuropathology both in the acute phase where
the liberation of Zn is thought to be excitotoxic,” and the
chronic phase when neuropsychological symptoms arise.® The
disruption of cellular Zn metabolism following injury moderates
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several biochemical cascades both immediately, and longer
term, that results in neuropathology that may be antecedent
to the onset of progressive neurological diseases.” In rodent
models, dietary Zn supplementation following TBI improves
behavioural outcomes,'® and chelation of bioavailable Zn
increases neuronal damage following injury.'* Furthermore,
restricted access to Zn reduces neurogenesis within the sub
granular zone of the hippocampal dentate gyrus as a response
to TBL.'> However, contradictory studies indicate that at 7 days
post-TBI Zn chelation is associated with an upregulation of
neuroprotective genes in rat brain,"® and a 14-day Zn chelation
trial in rat cerebral ischemia was associated with reduced
neuronal apoptosis.'® However, these studies were performed
in younger animals, and their relevance to aged animals, where
there is increased risk of negative outcomes following TBI,
remains unknown. There have been two human clinical trials
assessing the therapeutic roles of Zn post-TBI," both of which
have had significant positive patient outcomes. In the first study,
in which TBI patients (ranging in age from 18 to 65 years) were
prescribed a Zn-adequate or a Zn-supplemented diet, the
Zn-supplemented group had improved Glasgow Coma Scale
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Fig.1 Molecular structure of a-p-glucopyranosyl-(1 — 1)-a-p-gluco-
pyranoside (trehalose).

scores two weeks after the start of treatment.’®” The second
study, a double-blind clinical trial, assessed 100 patients with
severe head trauma aged between 18 to 65 years receiving either
placebo or 120 mg Zn via nasogastric tube for 15 days. Zinc
supplemented patients exhibited significantly improved Glasgow
Coma Scale scores, a significantly reduced Sequential Organ
Failure Assessment (SOFA), and significantly reduced inflamma-
tory markers. Zinc supplemented patients also had a reduced
length of hospitalization and a reduced mortality rate.">* These
data strongly support the hypothesis that ensuring a sufficient
Zn supply during the chronic stages post-injury may present as
an attractive therapeutic target for preventing long-term adverse
outcomes of TBI.

Trehalose (Fig. 1) is a stable disaccharide found predominantly
in lower-order organisms.'® It has been shown to enhance auto-
phagy in neuronal culture models of proteasomal inhibition.”
Dysregulation of autophagy can cause significant changes in
cellular Zn homeostasis,"® and impaired autophagy is associated
with neuronal cell death after TBL' Moreover, autophagy is
thought to mediate protective effects of Zn,”® and enhancement
of autophagy protects the mouse brain from rampant apoptosis
following TBL>' Furthermore, trehalose has demonstrated
therapeutic efficacy in a mouse model of TBL,>* and other neuro-
degenerative mouse models via a diverse array of mechanisms
including autophagy,”® growth factor promotion,*>** and oxida-
tive stress reduction.”® Given these observations, we examined
trehalose as a potential modulator of Zn homeostasis in aged
(24 month-old) mice receiving a controlled cortical impact (CCI)
TBI. Spatial and temporal concentrations of zinc were assessed
in trehalose treated, non-treated and uninjured mouse brains
post-TBI utilizing laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICPMS) techniques.

Experimental
Animal ethics

All procedures were carried out in accordance with protocols
approved by the Howard Florey Animal Ethics Committee and
were conducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes
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as described by the National Health and Medical Research
Council of Australia.

Brain injury

Controlled cortical impact (CCI) was carried out using a Hatteras
PCI 3000 precision cortical impactor (Hatteras Instruments, Cary,
NC). 24 month-old male C57Bl6 mice were anesthetised via intra-
peritoneal injection of 100 mg kg * ketamine and 10 mg kg *
xylazine. Anaesthesia was monitored via respiration and pedal
retraction reflexes. Upon adequate anaesthesia, the surgical site
was clipped, shaved and cleansed with 70% ethanol. A 10 mm
mid-line incision was made over the skull, and the skin and fascia
were reflected to make a 4 mm craniotomy on the central aspect
of the right parietal bone using a motorised drill (AP-2.25 mm,
lateral 2.5). Excised bone was placed in sterile PBS prior to be
resituated post-injury. The animal was then positioned in a
stereotaxic frame. The 3 mm impact tip of the CCI was lowered
to the surface of the exposed dura, signified by an audible contact
alarm, and the injury subsequently delivered (3 m s~ " velocity
with a 1.5 mm penetration depth). The excised bone was then
replaced and glued in position with super glue, the skin similarly
glued together and the animal then placed in a 37 °C heated
cage until completely ambulatory. Animals did not receive any
analgesia post-surgery. An uninjured control group (n = 3)
underwent the entire above mentioned procedure excluding
the controlled cortical impact.

Trehalose dosing

Trehalose dihydrate (Sigma) was prepared as a 2% w/v solution
in a standard suspension vehicle (SSV; 0.9% NaCl, 0.5%
Na-carboxymethylcellulose, 0.5% benzyl alcohol and 0.4%
Tween 80). Animals were gavaged daily with 0.1 m1/10 g body-
weight. Non-trehalose treated mice and non-CCI impacted mice
received daily standard suspension vehicle solution excluding
trehalose at 0.1 ml/10 g bodyweight.

Animal euthanasia

Animals subjected to CCI were euthanised at 24 h (trehalose;
n = 5; SSV; n = 4), 72 h (trehalose; n = 4; SSV; n = 3), 7 days
(trehalose; n = 3; SSV; n = 3), 14 days (trehalose; n = 5; SSV;
n = 4), and 28 days (trehalose; n = 3; SSV; n = 4) post CCL The
uninjured control group (n = 3) were euthanized on day 28.
Animals were anesthetised with Nembutal, before a 50 ml
pericardial perfusion with ice-cold 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS). Brains were rapidly dissected
and further incubated in PFA (4% in PBS at 4 °C), followed by
immersion in a cryoprotective solution for 7 days (30% sucrose
in PBS, 4 °C). Sections were subsequently cryostat sectioned at
30 mm intervals at —20 °C and mounted on standard micro-
scope slides. Sections were stored at —80 °C prior to analysis,
when they were then air-dried at room temperature.

LA-ICPMS imaging

Analysis was performed using a New Wave Research UP213 laser
ablation system with a two-volume large format cell (ablation
area 15 x 15 cm). This system was hyphenated to an Agilent
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Technologies 7500ce ICP-MS fitted with ‘cs’ lenses for enhanced
sensitivity. Quantitative data was obtained by representative
ablation of matrix-matched tissue standards produced according
to the protocol previously reported. Zinc-66 was the selected
isotope. The limit of detection for Zn was 0.39 pg ¢~ * and the
limit of quantification was 1.08 pg g~ .

Image construction and region of interest selection

Horizontal lines of ablation were drawn across both ipsilateral
and contralateral upper quadrants of the selected section. Lines of
ablation were spaced apart the same distance as the laser beam
diameter. A beam diameter of 30 pm was used, traversing the
section at a speed of 120 um s~ ', laser fluence of 0.3 ] cm > and
repetition rate of 20 Hz. Images were produced by reducing
multiple ablation lines into ASCII data files via a Python script
for importing into ENVI 6.0 (Exelis Visual Information Solutions,
Boulder, CO, USA), from which regions of interest (ROIs) were
extracted and statistically analysed (Fig. 2). Each ROI represents a
rectangular quadrant that radiates outwards from the impact site
towards the centre of the brain, or the equivalent region on the
contralateral side of the brain (Fig. 3). One brain slice per animal
underwent ablation and subsequent analysis. Additionally, the
hippocampus was manually extracted as an individual ROI using
the Zn map for analysis without adjacent tissue of any ROI region.

Statistical analysis

Statistical analysis was carried out in Prism 6.0 h (Graph-Pad,
La Jolla, CA, USA). Analysis was carried out using either a two-
tailed ¢-test for intraday analysis and a two-way ANOVA to assess
differences across the time course, with significance recognised
as p < 0.05.

Results

In trehalose-treated animals there was an overall significant
elevation of Zn concentration in the ipsilateral hemisphere
compared to SSV-treated animals across the time course of
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Fig. 3 Schematic demonstrating injury site, region of interest (ROI), and
hippocampus. Selected ROIs and hippocampus were applied to zinc
measurement and extracted for statistical analysis on both the ipsilateral
and contralateral hemispheres.

the experiment within the immediate vicinity of the impact site
at region of interest (ROI) 1 (p < 0.0043; Fig. 4a) and in the two
additional ROIs extending radially from the lesion site (ROI 2;
p < 0.0001; ROI 3: p < 0.0001; Fig. 4b and c), as well as the
hippocampus (p < 0.0001; Fig. 4d) leading to a significant
overall increase in Zn over the entire ipsilateral hemisphere
(p < 0.0001; Fig. 4e). Additionally, time-point specific eleva-
tions of Zn were observed in ROI 1 at day 14 (p = 0.0032; Fig. 4a)
and day 28 (p = 0.0031; Fig. 4a), in ROI 2 at day 14 (p < 0.0001;
Fig. 4b) and day 28 (p < 0.0001; Fig. 4b), in ROI 3 at day 14
(p < 0.0001; Fig. 4b) and day 28 (p < 0.0003; Fig. 4b), in the
hippocampus at day 14 (p < 0.0001; Fig. 4d) and day 28
(p = 0.0101; Fig. 4d), and in the entire hemisphere at day 14
(p = 0.0007; Fig. 4e) and day 28 (p = 0.0107; Fig. 4e). when
compared to non-trehalose treated mice. We used the Zn con-
centration of uninjured animals (taken from the 28-day time
point) and compared it to the ipsilateral intraday time point
Zn concentrations of the post-TBI trehalose treated cohort.
Significant time-point specific elevations (dotted significance
bars; Fig. 4a-e) of Zn were observed in ROI 1 at day 14
(p = 0.0092; Fig. 4a) and day 28 (p = 0.0160; Fig. 4a), in ROI 2

I 30
Zinc (ug g™)

Fig. 2 LA-ICP-MS images of quantitative Zn distribution (spatial resolution = 30 pm) in non-treated and trehalose-treated mice from 24 hours to 28 days'

post-injury.
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Fig. 4 Trehalose significantly increases Zn across the time course post-
injury in the CClI (ipsilateral) hemisphere. Post-TBI trehalose treated mice
showed a significant increase in Zn across the time course in the ipsilateral
ROI 1 (a; two-way ANOVA; ##p < 0.0043), ROI 2 (b; ####p < 0.0001),
ROI 3 (c; ####p < 0.0001), the hippocampus (d; ####p < 0.0001) and
the entire hemisphere (e; ####p < 0.0001). Intra-day comparisons
revealed a significant increase in Zn for trehalose treated mice at day 14
(unpaired t-test; **p = 0.0032) and 28 (**p = 0.0031) in ROI 1; day 14
(****p < 0.0001) and 28 in ROI 2 (****p < 0.0001); day 14 (***p < 0.0001)
and 28 (***p = 0.0003) in ROI 3; day 14 (***p = 0.0007) and 28 (*p =
0.0107) in the entire ipsilateral hemisphere, and day 14 (****p < 0.0001)
and 28 (****p = 0.0101) in the hippocampus when compared to post-TBI
SSV treated mice. Dotted line across the entire time course is a represen-
tation of control (uninjured) zinc concentration derived from 28-day time
point of uninjured SSV treated mice. Time-point specific significant eleva-
tions (dotted significance bars; (a—e)) of Zn above uninjured controls were
observed in ROI 1 at day 14 (**p = 0.0092; a) and day 28 (*p = 0.0160: a), in
ROI 2 at day 14 (***p = 0.0004; b) and day 28 (****p < 0.0001; b) in ROI 3
at day 14 (***p = 0.0003: b) and day 28 (**p = 0.0013; b), in the hippo-
campus at day 14 (***p = 0.0005; e) and day 28 (****p < 0.0001; e), and
in the entire hemisphere at day 14 (***p = 0.0003; d) and day 28
(**p = 0.0012; d).

at day 14 (p = 0.0004; Fig. 4b) and day 28 (p < 0.0001; Fig. 4b)
in ROI 3 at day 14 (p = 0.0003; Fig. 4b) and day 28 (p = 0.0013;
Fig. 4b), in the hippocampus at day 14 (p = 0.0005; Fig. 4e) and
day 28 (p < 0.0001; Fig. 4e), and in the entire hemisphere at
day 14 (p = 0.0003; Fig. 4d) and day 28 (p = 0.0012; Fig. 4d).
Similarly, the contralateral (uninjured) cortex revealed an
elevated Zn concentration profile across the time-course in
ROI 1 (p < 0.0001; Fig. 5a), ROI 2 (p < 0.0001; Fig. 5b), ROI 3
(p < 0.0001; Fig. 5c), the hippocampus (p < 0.0001; Fig. 5e),
leading to a significant Zn concentration increase in the entire
contralateral hemisphere (p < 0.0001; Fig. 5d). Additionally,
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Fig. 5 Trehalose significantly increases Zn across the time course
post-injury in the uninjured (contralateral) hemisphere. Trehalose treated
mice showed a significant increase in Zn across the time course in the
contralateral ROI 1 (a; two-way ANOVA; ####p < 0.0001), ROI 2 (b;
####p < 0.0001), ROI 3 (c; ####p < 0.0001), the entire hemisphere
(e; ####p < 0.0001), and the hippocampus (d; ####p < 0.0001). Intra-
day comparisons revealed a significant increase in Zn for trehalose treated
mice at day 14 (unpaired t-test; **p = 0.0030) and 28 (***p = 0.0004) in
ROI 1; day 14 (****p < 0.0001) and 28 (**p = 0.0015) in ROI 2; (****p <
0.0001), day 14 (***p < 0.0001) and 28 (***p = 0.0004) in ROI 3; at day 14
(***p = 0.0005) and 28 (*p = 0.00243) in the entire ipsilateral hemisphere,
and at day 14 (****p = 0.0001) and 28 (**p < 0.0050) in the hippocampus.
Dotted line across the entire time course is a representation of control
(uninjured) zinc concentration derived from 28-day time point of uninjured
SSV treated mice. Time-point specific significant elevations of Zn (dotted
significance bars; Fig. 4a—e) above uninjured controls were observed in
ROI1at day 14 (*p = 0.0197; a) and day 28 (**p = 0.0025: a), in ROI 2 at day
14 (***p = 0.0008; b) and day 28 (**p < 0.0021; b) in ROI 3 at day 14
(**p = 0.0014: b) and day 28 (**p = 0.0037; b), in the hippocampus at day
14 (***p = 0.0002; e) and day 28 (***p < 0.0001; e), and in the entire
hemisphere at day 14 (**p = 0.0013; d) and day 28 (**p = 0.0017; d).

time-point specific elevations in zinc were observed in the
contralateral cortex in ROI 1 at day 14 (p = 0.0030; Fig. 5a)
and day 28 (p = 0.0004; Fig. 5a), in ROI 2 at day 14 (p < 0.0001;
Fig. 5b) and day 28 (p < 0.0001; Fig. 5b), in ROI 3 at day 14
(p < 0.0001; Fig. 5¢) and day 28 (p = 0.0004; Fig. 5¢), in the
hippocampus at day 14 (p = 0.0001; Fig. 5e) and day 28
(p < 0.0050; Fig. 5e), and in the entire hemisphere at day 14
(p =0.0005; Fig. 5d) and day 28 (p = 0.0024; Fig. 5d). Comparing
the Zn concentrations in the uninjured control brain to the
intraday time point Zn concentrations of the post-TBI trehalose
treated cohort revealed significant time point specific elevations
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Fig. 6 Trehalose treated ipsilateral and contralateral brain regions both
have parallel Zn levels post-TBI. Analysis of Zn levels in the ipsilateral and
contralateral brain regions post injury are markedly consistent with only
one significant contralateral time point specific elevation in ROI 1 at day 28
(unpaired t-test; p < 0.05; *). The brain increase in Zn at day 7 to day 28 is
evident in every ROl assessed in both the ipsilateral and contralateral sides,
indicating a whole brain modulation of Zn with trehalose after brain injury
in aged mice.

in Zn concentrations for the trehalose treated mice (dotted
significance bars; Fig. 5a-e). Time-point specific elevations of
Zn were observed in ROI 1 at day 14 (p = 0.0197; Fig. 5a) and day
28 (p = 0.0025; Fig. 5a), in ROI 2 at day 14 (p = 0.0008; Fig. 5b)
and day 28 (p < 0.0021; Fig. 5b) in ROI 3 at day 14 (p = 0.0014;
Fig. 5b) and day 28 (p = 0.0037; Fig. 5b), in the hippocampus at
day 14 (p = 0.0002; Fig. 5¢) and day 28 (p < 0.0001; Fig. 5¢), and
in the entire hemisphere at day 14 (p = 0.0013; Fig. 5d) and
day 28 (p = 0.0017; Fig. 5d).

Notably, trehalose treated mice exhibited significantly elevated
ipsilateral and contralateral zinc concentrations above the non-
injured SSV treated control mice, indicating that trehalose signi-
ficantly increased whole brain Zn concentrations above normal
uninjured control values. The profile of Zn modulation across the
time-course in all ROIs was consistent between both the ipsilateral
and contralateral cortex (Fig. 6), indicative of whole-brain Zn
modulation with trehalose from day 7 post-TBI that was not
observed in the post-TBI SSV treated mice nor the uninjured
SSV treated mice.

Discussion

The data presented herein was intended as a proof of concept
study, in which LA-ICPMS was used to assess the ability of

850 | Metallomics, 2018, 10, 846—-853
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trehalose to modulate brain Zn concentrations after a con-
trolled cortical impact TBI. To that end, post-TBI trehalose
treatment was shown to significantly elevate brain Zn when
compared to post-TBI SSV treated littermates. Additionally,
trehalose elevated Zn concentrations to significantly greater
levels than SSV treated non-CCI impacted littermates. Whilst
the results of this pilot investigation indicate that a simple
carbohydrate can modulate an essential micronutrient, it also
highlights the need for further work examining the effects of
trehalose treatment on behavioural and pathological features of
TBI in the aged brain. Nevertheless, the absence of behavioural
or biochemical data in this analysis should not detract from the
observations that clinical studies and animal models have
identified correlations between neuropsychological disorders
and reduced brain Zn status including depression and anxiety-
like behaviours,® both common long-term outcomes of TBI,
particularly in the elderly.”®

Supportive of the observation that reduced brain zinc is
associated with clinical depression is the evidence of beneficial
Zn supplementation for treatment of depression-like behaviours in
rats following TBI,'® and as a significant modulator of depression
in humans.?” Of further relevance to the data presented herein, a
recent study indicated that trehalose exhibited antidepressant-
like effects in uninjured mice.”® While improvements in the
depression-like behaviour were attributed to enhanced auto-
phagy, our data suggest that Zn modulation by trehalose may
also have been an additional or contributing underlying bio-
chemical mechanism of action.

We recently published a study investigating the role of zinc,
iron and copper, after a controlled cortical impact TBI in which
it was demonstrated that while Zn concentration does not
significantly differ between ipsi- and contralateral hemispheres
in a unilateral CCI TBI, a reduction in total (that is, entire
brain) Zn occurs between seven and 28 days post-injury in aged
mice,?® which we hypothesised could potentiate the onset of
neuropathology. In this study, whilst trehalose did not signifi-
cantly alter iron of copper levels post-injury (data not shown),
it did completely prevent the reduction in zinc that we have
previously shown to occur in a time-dependent manner following
injury. Additionally, trehalose elevated the brain zinc concen-
tration above that of uninjured tissue. These results therefore
could have clinical implications for both TBI associated neuro-
degeneration and depression and zinc deficiency in the elderly,
which is known to be associated with depressive and psychiatric
disorders.*® The observed effect of b rain zinc modulation by
trehalose after TBI appears to be an age-related phenomenon,
however, as another recent study by our group in which younger
(3 month-old) mice treated with trehalose exhibited no zinc
modulating effects post TBL>* It should be noted, nonetheless,
that the trehalose treatment improved TBI-induced cognitive
decline and was associated with the elevated expression of
proteins linked with synaptic activity and neuronal plasticity in
the young cohort. Whether trehalose treatment in elderly mice
reproduces similar enhancement of synaptic activity and neuro-
nal plasticity observed in conjunction with Zn elevation should
be assessed in future studies.

This journal is © The Royal Society of Chemistry 2018
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The role of Zn in the onset of pathologies in TBI and
dementia has been hypothesised for some time,” in part due
to the effect of Zn on the aggregation, oligomerisation and
deposition of pathological proteins.*! It is also noteworthy that
in Alzheimer’s disease decreased cellular Zn at the cellular level
may contribute to neuropathology via Zn sequestration in senile
plaques,® reducing the pool of readily-available synaptic Zn.*?
Synaptic Zn is vital for normal memory function and cognition.
Mice with an ablation of the slc30a3 gene encoding Zn-transporter-3
(ZnT3) protein that controls synaptic Zn release in the hippocampus
show an age-dependent decline in cognitive ability.** Similarly,
slc30a3-null mice subjected to TBI exhibit greater evidence of
cellular damage following injury compared to wild-type controls.™*
Moreover, studies have shown that the use of Zn ionophores
increases brain Zn levels in both ZnT3 knockout®® mice and aged
C57Bl/6 mice®® and is associated with improved cognition in both
models. These observations clearly indicate that synaptic Zn and
cognitive health appear to be intrinsically linked, and that Zn
modulation may therefore mitigate neuronal damage and loss of
function due to Zn deficiency.

Conclusions

In summary, we have shown that trehalose induces an increase
in Zn in the aged mouse brain up to 28 days following CCI. The
Zn elevation occurs beyond 7 days post-injury, suggesting a
biochemical mechanism separate to the hypothesised acute
Zn excitotoxicity stage occurring within 24 hours of injury,*”
potentiated by an acute release of glutamate.*® Further experi-
ments are required to elucidate the relevance of this trehalose-
mediated increase in Zn following TBI, and studies must be
correlated with behavioural and biochemical analyses to deter-
mine therapeutic efficacy as it pertains to brain injury and
potentially other disorders of the aging nervous system.
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