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Abstract

Purpose In this study, we examined changes in glial energy metabolism in neonatal mouse brain images obtained under
pathological conditions following intranasal administration of the radiotracer [2-'*Cacetate.

Procedures [2-'“Clacetate was administered via the mouse nasal cavity, after which autoradiograms of the brain of 7-day-
old mice were obtained. Radio thin-layer chromatography was applied for metabolite analysis of brain radioactivity. We also
compared brain uptake of [2-*C]acetate when administrated intranasally and intravenously in 3-week-old mice. To confirm
selective uptake by glial cells, [2-'*Clacetate was injected into the nasal cavity of mice injected with a glial toxin in the brain.
Pentylenetetrazole (PTZ) was applied to induce seizures.

Results Intranasally administered [2-!4Clacetate was rapidly incorporated into the brains of 7-day-old mice, reaching its
highest uptake level 20 min after administration. After 20 min of intranasal [2-'*C]acetate administration, glutamate and
glutamine accounted for 32 +2.5% and 30+ 3.4% of total brain radioactivity, respectively. There was no difference in the
radioactivity distribution in the brain between intranasal and intravenous administration, except in the ventral olfactory bulb
in 3-week-old mice. Microinjection of the glial-specific toxin fluorocitrate reduced the accumulation of radioactivity in the
brain by 60% following intranasal administration in 3-week-old mice. The uptake of [2-!'“CJacetate in the brains of 7-day-
old mice significantly decreased 30 min after systemic PTZ administration, suggesting a decrease in energy metabolism in
glial cells during seizures.

Conclusions Quantitative images of biological functions in the neonatal mouse brain can be obtained by intranasal admin-
istration. This technique allowed the observation of a decrease in acetate uptake associated with convulsive seizures. The
results of this study could be applied to the imaging of biological brain functions and research on neurological disorders
using labeled probes in neonatal mice.

Keywords Intranasal administration - Neonatal mouse brain - Glia - Pentylenetetrazole - Seizure

Introduction efficiency of drug action, by avoiding the first-pass effect.
Preclinical studies in mouse models of Alzheimer's disease
have shown a higher brain delivery, therapeutic efficacy, and

improved safety compared to oral and subcutaneous admin-

Intranasal administration has attracted interest in both clini-
cal and basic animal research as an alternative non-invasive

method of drug delivery to the brain that can bypass the
blood—brain barrier. This administration route further con-
tributes to the reduction of adverse effects and increasing the
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istration [1, 2]. Smith et al. demonstrated that F-18-labeled
insulin is rapidly taken up in the main brain regions involved
in processing emotions and memories, using positron emis-
sion tomography (PET) imaging in non-human primates
[3]. In human studies, naloxone has been shown to rapidly
occupy the mu-opioid receptors in the brains of healthy male
adult human following intranasal administration based on
'C-Carfentanil PET imaging [4].

Given the above results, the intranasal administration
route is being explored not only in the context therapeutic
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drug administration for neurological diseases, but also for
labeled probe administration for functional brain imaging
[5]. Thorne et al. used autoradiography to show that [!*I]
insulin-like growth factor-I administrated intranasally to rats
accumulated in the brain within 30 min and was delivered
to the brain along with components associated with olfac-
tory and trigeminal nerves [6]. Singh et al. investigated the
feasibility of intranasal administration route in brain PET
imaging using ['®F]fallypride, a potent dopamine D2/D3
receptor antagonist, and blood-brain barrier (BBB) pen-
etrant tracer [7]. They obtained quantitative images of the
basal ganglia after intranasal administration and showed that
intravenous and intranasal administration resulted in simi-
lar uptake into the rat brain. However, as only 0.2% of the
administered ['®F]fallypride reached the basal ganglia, they
concluded that the whole brain uptake (excluding the olfac-
tory bulb) of ['®F]fallypride after intranasal administration
is almost completely supplied from the peripheral circula-
tion rather than directly from the nasal cavity. Intranasally
administrated fluorescein isothiocyanate-labeled insulin has
also been shown to be delivered to the brain by bulk flow in
the perivascular lumen within 30 min of nasal administra-
tion to rats [8, 9].

This route of administration is also useful for basic stud-
ies in animals that cannot be intravenously administered
labeled probes. In a mature rodent study, it is technically fea-
sible and routine to inject the labeling probes intravenously
into the tail vein. However, intravenous administration in
neonatal mice with relatively small tail is difficult. Most
animal models of human diseases, including epilepsy, use
mature animals. However, the highest incidence of epilepsy
occurs during the early age of children [10, 11]. Therefore,
the choice of the age of animals should be an important
factor, and the use of immature animals would better reflect
the actual pathophysiology of epilepsy and provide novel
insights. In our present study, 7-day-old mice were selected
and examined to obtain in vivo functional brain images dur-
ing pentylenetetrazole (PTZ)-induced seizures. The nasal
route was attempted to administer the labeled [2-'4C)acetate
tracer to neonatal mice. Since exogenous acetate is selec-
tively taken up and metabolized by glial cells in the brain
[12], the labeled acetate is considered a potential markers
of glial cell metabolism. We have previously reported that
uptake of labeled acetate is altered in mature animals in a
variety of brain disease models, including epilepsy [13, 14].

In the present study, we showed that the intranasal admin-
istration of [2-'*Clacetate to 7-day-old mice could be used
to image glial energy metabolism in the brain using auto-
radiography. We also compared brain uptake of [2-'*C]
acetate when administrated intranasally and intravenously
in 3-week-old mice, which are the youngest that can be
administered intravenously through tail vein. Then, we fur-
ther attempted to image metabolic changes in the glial cells
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of neonatal mice under pathological conditions by imaging
glial metabolism in mice with convulsive seizures induced
by PTZ administration.

Materials and Methods
Ethics Statement

All animal experiments were approved by the Institutional
Animal Care and Use Committee, the Division of Health
Sciences, Graduate School of Medicine, Osaka University
(approval no. 31-03-3).

Animals

For 7-day-old mice study, pregnant embryonic day 1213
female ICR mice were obtained from Japan SLC Inc. (Shi-
zuoka, Japan). Experiments were performed when females
gave birth to 10-15 pups to avoid variations in growth,
because litter size affects the postnatal growth and devel-
opment. For 3-week-old mice study, 3-week-old male ICR
mice were obtained from Japan SLC Inc. (Shizuoka, Japan).
All animals were housed under a 12-h light—dark cycle with
free access to food and water. Pups were kept warm on a
mat at 38 °C during the period when they were separated
from their mother.

Chemicals

[2-'C]lacetate (specific activity, 1.99 GBg/mmol) was
purchased from PerkinElmer Life Science Inc. (Boston,
MA, USA). '*C-microscale (RPA 511) was obtained from
Amersham Biotech UK Ltd. (Buckinghamshire, UK). PTZ
was obtained from Sigma-Aldrich (St. Louis, MO, USA).
DL-fluorocitric acid barium salt was obtained from Sigma-
Aldrich (St. Louis, MO, USA), and prepared as described
by Paulsen et al. [15]. All other chemicals used were of the
highest commercially available purity.

Surgery and Microinjection of Fluorocitrate

At 3-week-old, the mice were anesthetized using isoflurane
(induction, 5%; maintenance, 2%), and placed in a stere-
otaxic apparatus. Fluorocitrate was injected into the stria-
tum (0.5 nmol/uL, at a rate of 0.25 pL/min for 4 min) via a
30-gauge cannula using an automated syringe pump. The
cannula was left in place for an additional 5 min after injec-
tion to reduce the reflux of the injected chemicals along the
cannula track. Four hours following fluorocitrate injection,
the animals were subjected to [2-!4C)acetate administration.
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[2-1C]Acetate Administration

Seven-day-old animals were maintained in the supine position
and intranasally administered 5 uL [2-*CJacetate (92.5 kBg/
animal) over a period of 1 min by a micropipette. For intrana-
sal administration to 3-week-old mice, animals were placed
in an anaesthesia box filled with isoflurane (5%) for 1 min,
after which they were removed, held in the supine position,
and immediately administrated 5 uL [2-'“Clacetate (92.5 kBq/
animal) intranasally. Following intranasal administration, the
animals were kept in the supine position for an additional
1 min, returned to their cages, and allowed to move freely. For
intravenous administration, the animals were administrated a
bolus injection of [2-'*C]acetate (92.5 kBg/animal), dissolved
in 0.2 mL saline via the tail vein. For oral administration,
7-day-old animals were maintained in the supine position and
orally administered 5 uL [2-1*C]acetate (92.5 kBg/animal) by
a micropipette.

[2-1“C]Acetate Uptake

In the time course experiment using 7-day-old mice, the ani-
mals were sacrificed by decapitation under brief anaesthesia
(isoflurane 5%) 5, 20, and 60 min after intranasal adminis-
tration of [2-'*Clacetate. In other experiments, 20 min after
[2-'*CJacetate administration, the animals were sacrificed
by decapitation under brief anaesthesia (isoflurane 5%). For
autoradiography, brains were quickly removed, surrounded
with powdered dry ice and frozen. Next, coronal or sagittal
slices (20-um-thick) were prepared using a cryostat at —20 °C,
arranged onto glass slides, and placed in contact with an imag-
ing plate (Fuji Film Co., Tokyo, Japan) for several days. The
photo-stimulated luminescence (PSL) values in each region of
the prepared autoradiograms were subsequently determined
using a multipurpose imaging scanner (FLA-7000; Fuji Film
Co., Tokyo, Japan). The radioactivity concentrations in the
regions of interest (ROIs) were obtained as (PSL-background)/
area (mm?) [(PSL-BG)/A], calibrated in Bq/g tissue using
C-microscale, and expressed as the distribution absorption
ratios (DAR) to correct for differences in animal body weight
and injected dose. DAR =radioactivity concentration in tissue
(Bq/g) / total injected dose (Bq) X body weight (g). For the
dissection study, tissues were quickly removed and weighed,
and subsequently solubilised using the tissue solubilizer Sol-
uene-350 (PerkinElmer Co., Ltd. MA, USA). Radioactivity
was subsequently measured using a liquid scintillation counter.
Radioactivity concentrations are expressed as the DAR values.

Radio Thin-Layer Chromatography (Radio TLC)
Analysis

The animals were sacrificed by decapitation under brief
anaesthesia (isoflurane 5%) 20 min after [2-'*Clacetate

intranasal administration. The brains were then quickly
dissected, and the cerebral cortex was removed, homog-
enized with 0.5 N HCIO, solution (1:5 w/v), and centri-
fuged (1000 x g, 10 min). The supernatant was spotted onto
thin-layer silica gel plates, and TLC was performed using
99% EtOH:28% NH;, 3:1 (v/v) as the eluent. Glutamate and
glutamine were spotted on the same TLC plate and used as
standard. The TLC plates were exposed to an imaging plate
(Fuji Film Co., Tokyo, Japan) for several days. After the
autoradiograms were obtained, the TLC plates were sprayed
with ninhydrin to determine the Rf value for glutamine and
glutamate. Quantitative analysis of the PSL values at each
spot was performed using a multipurpose imaging scan-
ner (FLA-7000; Fuji Film Co., Tokyo, Japan), as described
above.

Behavioural Seizure Analysis

Seven-day-old animals were intraperitoneally injected with
PTZ (80 mg/kg/25 mL saline) or an equivalent volume of
saline. Following this injection, the animals were isolated
in plastic cages, and their behaviour was observed for 2 h
in 5-min intervals. The presence or absence of any type of
behavioural seizure activity was scored as follows: stage 0,
no abnormality; stage 1, exploring, and becoming immo-
bilised; stage 2, head nodding, facial and forelimb clonus;
stage 3, continuous myoclonic jerk, tail rigidity; stage 4,
forelimb and hindlimb clonus, and kangaroo posture; stage
5, tonic—clonic convulsion. These scores align with Racine
scale [16] and revised Racine scale applied to mice [17].

Statistical Analysis

All values are expressed as the mean + SD (for each group).
P-values < 0.05 on repeated measures ANOVA or Student's
t-test were considered to indicate statistical significance.

Results

Time Course of [2-'*Clacetate Uptake in Mice
Following Intranasal Administration

Figure 1A shows the kinetics of radioactivity in 7-day-old
mice intranasally administered [2-!4CJacetate. Brain radio-
activity was obtained from the autoradiograms (Fig. 1B).
which showed that [2-'*C]acetate was rapidly incorpo-
rated, reaching its highest uptake level 20 min after tracer
administration. Radioactivity in the pons was significantly
higher than that in the cerebral cortex and cerebellum (F[1,
18]=31.5, p<0.001, F[1, 18]=15.8, p<0.001, respec-
tively). The ventral olfactory bulb showed a high accumula-
tion of radioactivity at all measurement times (Fig. 1B). The
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Fig. 1 Brain uptake and
metabolite analysis following
the intranasal administration

of [2-"*Clacetate in 7-day-old
mice. A: Radioactivity kinetics
in 7-day-old mice intranasally
administered [2-'*CJacetate.
The radioactivity concentra-
tions are expressed as the DAR
(mean + SD, n=4 animals per
group). B: Representative sagit-
tal autoradiograms. The ROIs
were identified based on the
cerebral cortex, cerebellum, and
pons-medulla. C: Radio-TLC
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radioactivity concentration in the plasma was the highest
after 5 min (Fig. 1A).

Analysis of the Metabolites in Brain Homogenates
by TLC

Figure 1C shows the radio TLC autoradiogram of 7-day-old
mouse brain homogenates obtained 20 min following the
intranasal administration of [2-!*C]acetate. Glutamate and
glutamine accounted for 32 +2.5% and 30 +3.4% of the total
detected radioactivity, respectively (n=4).

[2-'*C]Acetate Uptake in the Brain Following Orally
Administration

Brain uptake of [2-'“Clacetate was 0.414 +0.053 and

0.289 +0.067 following intranasal and oral administration,
respectively (DAR, n=4, p<0.05).
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[2-1“C]Acetate Uptake in the Brain of 3-Week-Old
Mice

Figure 2 shows the autoradiograms and quantitative results
20 min following intranasal and intravenous administration
of [2-'*Clacetate in 3-week-old mice. There was no dif-
ference in radioactivity distribution in the brain between
the two administration routes, except in the ventral olfac-
tory bulb. Fluorocitrate microinjection reduced the accu-
mulation of intranasally-administered radiotracer activity
to 40.6 £4.76% of the contralateral side (n=4, p<0.01,
Fig. 2C).

Effects of PTZ on Behaviour in 7-day-old Mice

Figure 3 shows the effects of PTZ on the behaviour of
7-day-old mice. Within 10 min of PTZ administration,
mice developed seizures with scores of 4-5. In addition,
forelimb and hindlimb clonus, tonic—clonic convulsion
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Fig.2 Brain uptake of intra- A
nasally and intravenously
administered [2-'*CJacetate in
3-week-old mice. A: Represent-
ative coronal autoradiograms
obtained 20 min following

the intranasal or intravenous
administration of [2-'*C]acetate.
The ROIs were identified based
on the cerebral cortex, striatum,
hippocampus, cerebellum, and
pons-medulla. B: Results of
autoradiogram analysis. The
radioactivity concentrations

are expressed as the DAR
(mean + SD, n=4 animals per
group). C: Effect of fluorocitrate
(FC) microinjection into the
striatum on intranasal admin-
istered [2-'*CJacetate brain
uptake
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with loss of posture continued intermittently 20—60 min
after administration. Subsequently, abnormal involuntary
movements were observed for more than 1 h. No abnormal
behaviours were observed in the saline-treated mice.

254
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Effects of PTZ on [2-'C]Acetate Uptake in Brain

Figure 4A shows representative images of [2-'*CJace-
tate uptake in the brain 30 min after PTZ administration.

@ Springer
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O control
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Fig.3 Average behavioural scores over 2 h from 7-day-old mice fol-
lowing treatment with 80 mg/kg PTZ or saline (mean +SD, n=06 ani-
mals per group)

Figure 4B shows the quantitative results of the images
obtained at 30 and 60 min, and 24 h after PTZ administra-
tion. [2-'*C]acetate uptake in the whole brain was reduced
to 70% of that in the control group 30 min after PTZ admin-
istration, with uptake gradually recovering to control levels
after 24 h.

Effects of PTZ on [2-'*C]Acetate Uptake in Peripheral
Tissue

The [2-'*C]acetate uptake in the heart was reduced to 80% of
that in the control group at 30 min, and 70% at 60 min after
PTZ administration (Fig. 5). This decrease was reversed
at 24 h. No changes in plasma radioactivity levels were
observed following PTZ treatment.

Effects of PTZ on Body Weight

After seizures had resolved, the pups were returned to their
cage and reared by their mother in the same manner as
control pups. The body weight at 24 h after PTZ admin-
istration was 4.48 +0.59 g in the control group (n=35) and
4.40+0.63 g in the PTZ group (n=5), while the body weight
gains of these groups were 0.51 +0.17 g and 0.35+0.14 g,
indicating that the PTZ group showed a weight suppression
tendency.

Discussion

Functional brain imaging using labeled probes is widely
used in both clinical and basic research and is also applied to
animal model studies of human diseases. Most of these ani-
mal models use mature animals. However, there are diseases
that occur at a high rate during a specific period, such as
epilepsy, which has a high incidence during the early age of
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childhood [10, 11]. Age matching animal models might have
the potential to provide new insights into disease pathol-
ogy. In this study, we investigated to obtain functional brain
images of neonatal mice during convulsive seizures. For
neonatal mice, intranasal administration of labeled probe
was applied instead of intravenous administration. Consider-
ing the invasiveness and technical issues in neonatal mice,
experiments on the comparisons of intravenous and intra-
nasal administration of labeled probes and the microinjec-
tion study were performed on 3-week-old mice, instead of
7-day-old mice.

Intranasally-administered [2-'4Clacetate showed high
brain uptake in 7-day-old mice (Fig. 1A, B). In 7-day-old
mice, more than 60% of the radioactivity in the brain was
converted to carbon-14 labeled glutamate and glutamine
(Fig. 1C). Prior reports have indicated that intravenous or
intraperitoneal administration of carbon-14 labeled acetate
is converted to labeled glutamate and glutamine within min-
utes [18-20]. Acetate enters glial cells through monocar-
boxylate transporter 1, which is highly expressed in glia [21]
and is metabolized by acetyl coenzyme A (acetyl-CoA) syn-
thetase to form acetyl-CoA, which enters the tricarboxylic
acid (TCA) cycle. Acetyl-CoA is then used in the produc-
tion of adenosine triphosphate (ATP) and in the synthesis
of lipids and neurotransmitters. Glutamate is derived from
alpha-ketoglutarate, which is an intermediate in the TCA
cycle. Glutamate can be directly converted to glutamine by
the glutamine synthetase that is exclusively located in glia.
Glutamine is transferred to glutamatergic neurons to serve
as precursor for glutamate or for the TCA cycle intermedi-
ates. In this study, intranasally administered [2-'“C]acetate
is assumed to have reached into the brain and acted as a
metabolic substrate.

In 3-week-old mice, there was no difference in radioactiv-
ity distribution in the brain between the two administration
routes, except in the ventral olfactory bulb (Fig. 2A, B).
We found that the brain uptake of intranasally-administered
[2-'%C]acetate was effectively inhibited by microinjection of
the glial-specific toxin fluorocitrate (Fig. 2C). Fluorocitrate
is a selective inhibitor of aconitase in the glial TCA cycle.
Intrastriatal injection of 1 nmol fluorocitrate transiently
causes a severe reduction in glutamine levels 4 h after injec-
tion [15]. Under these conditions, [2-'“Clacetate uptake was
reduced by more than 50% in mature rat brains [22]. The
decrease in the uptake of intranasally administered [2-!*C]
acetate is suggested to reflect the decrease in the metabolism
of the glial TCA cycle.

Based on these results, we successfully obtained brain
images reflecting glial cell metabolism from intranasally-
administered [2-'*Clacetate and ex-vivo functional brain
images of 7-day-old mice. To the best of our knowledge, this
study is the first report to show the ex-vivo functional brain
images of 7-day-old mice using intranasal administration.
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Intranasally administered labeled probes are rapidly
transported into the brain via two distinct extracellular trans-
port pathways associated with the olfactory and trigeminal
nervous systems, as well as via bulk flow within the cer-
ebral perivascular spaces [6, 8, 9, 23, 24]. The presence
of nucleoside transporters may play an important role in
the nasal-to-brain delivery of certain nucleosides such as
[18F]-ﬂu0r0-3'-deoxy-3'-L-ﬂu0r0thymidine [25]. The sys-
temic pathway is also an indirect route from the nose to
the brain [26]. The exact mechanisms of this nose-to-brain
delivery are not fully understood, a combination of these
pathways is responsible. In rodents, high delivery to the
brain was observed 30 min after intranasal probe adminis-
tration, and our results are consistent with those of previous
reports. Because [2-'*C]acetate is a highly BBB permeable
molecule, following intranasal administration, [2—14C]acetate
may be delivered to the brain directly via the nose and sys-
temic circulation. In this study, we administered the same
radioactivity and volume of [2-'“C]acetate intranasally or
orally to 7-day-old mice, and compared brain uptake. Brain
uptake of [2-'4C)acetate after oral administration was 70%
of that after intranasal administration. Although intranasally-
administered [2-'*CJacetate could enter the blood through
the nasal cavity, subsequently entering the brain from sys-
temic circulation, intranasally administered [2-'“Clacetate
was more efficiently transferred to the brain.

We also showed that PTZ transiently-induced convulsive
seizures (Fig. 3) and significantly reduced [2-'*C]acetate
uptake in the brains of 7-day-old mice (Fig. 4). A single dose
of PTZ (80 mg/kg, ip) in neonatal mice has been reported
to induce repetitive seizures for 2—-3 h [27, 28]. Our results
suggested that PTZ-induced convulsive seizures caused a
transient decrease in glial cell energy metabolism. Changes
in cerebral blood flow and other energy substrates, such as
glucose metabolism, during PTZ-induced convulsive sei-
zures are important issues for further studies. [2-'“C]acetate
is taken up by the heart as an energy substrate; our inves-
tigation showed that PTZ-induced convulsive seizures also
reduced the cardiac energy substrate uptake (Fig. 5). Con-
sistent with the tendency of PTZ to suppress weight gain,
persistent convulsive seizures may decrease the uptake and
metabolism of energy sources and cause alterations in blood
flow throughout the body.

Conclusions

Overall, the present study showed that quantitative images
of biological functions in the neonatal mouse brain can be
obtained following the intranasal administration of radi-
otracers. Furthermore, we observed a decrease in acetate
uptake associated with convulsive seizures. The results of
this study can also be applied to the imaging of biological
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brain functions and research on neurological disorders using
labeled probes in neonatal mice.
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