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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 [2-14C]acetate.
Procedures  [2-14C]acetate 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 [2-14C]acetate when administrated intranasally and intravenously in 3-week-old mice. To confirm 
selective uptake by glial cells, [2-14C]acetate 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 [2-14C]acetate 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 [2-14C]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 [2-14C]acetate 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.
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Introduction

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 

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-
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 
11C-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 [125I]
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 [18F]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 [18F]fallypride reached the basal ganglia, they 
concluded that the whole brain uptake (excluding the olfac-
tory bulb) of [18F]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 [2-14C]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 [2-14C]acetate 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 [2-14C]
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 

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 12–13 
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

[2-14C]acetate (specific activity, 1.99  GBq/mmol) was 
purchased from PerkinElmer Life Science Inc. (Boston, 
MA, USA). 14C-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/µL, at a rate of 0.25 µL/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 [2-14C]acetate administration.
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[2‑14C]Acetate Administration

Seven-day-old animals were maintained in the supine position 
and intranasally administered 5 µL [2-14C]acetate (92.5 kBq/
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 µL [2-14C]acetate (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 [2-14C]acetate (92.5 kBq/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 µL [2-14C]acetate (92.5 kBq/animal) by 
a micropipette.

[2‑14C]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 [2-14C]acetate. In other experiments, 20 min after 
[2-14C]acetate 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-µm-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 (mm2) [(PSL-BG)/A], calibrated in Bq/g tissue using 
14C-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) × 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 [2-14C]acetate 

intranasal administration. The brains were then quickly 
dissected, and the cerebral cortex was removed, homog-
enized with 0.5 N HClO4 solution (1:5 w/v), and centri-
fuged (1000 × g, 10 min). The supernatant was spotted onto 
thin-layer silica gel plates, and TLC was performed using 
99% EtOH:28% NH3, 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 [2‑14C]acetate Uptake in Mice 
Following Intranasal Administration

Figure 1A shows the kinetics of radioactivity in 7-day-old 
mice intranasally administered [2-14C]acetate. Brain radio-
activity was obtained from the autoradiograms (Fig. 1B). 
which showed that [2-14C]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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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 [2-14C]acetate. Glutamate and 
glutamine accounted for 32 ± 2.5% and 30 ± 3.4% of the total 
detected radioactivity, respectively (n = 4).

[2‑14C]Acetate Uptake in the Brain Following Orally 
Administration

Brain uptake of [2-14C]acetate was 0.414 ± 0.053 and 
0.289 ± 0.067 following intranasal and oral administration, 
respectively (DAR, n = 4, p < 0.05).

[2‑14C]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 [2-14C]acetate 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 

Fig. 1   Brain uptake and 
metabolite analysis following 
the intranasal administration 
of [2-14C]acetate in 7-day-old 
mice. A: Radioactivity kinetics 
in 7-day-old mice intranasally 
administered [2-14C]acetate. 
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 
autoradiogram
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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.

Effects of PTZ on [2‑14C]Acetate Uptake in Brain

Figure  4A shows representative images of [2-14C]ace-
tate uptake in the brain 30 min after PTZ administration. 

Fig. 2   Brain uptake of intra-
nasally and intravenously 
administered [2-14C]acetate in 
3-week-old mice. A: Represent-
ative coronal autoradiograms 
obtained 20 min following 
the intranasal or intravenous 
administration of [2-14C]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 [2-14C]acetate brain 
uptake
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Figure 4B shows the quantitative results of the images 
obtained at 30 and 60 min, and 24 h after PTZ administra-
tion. [2-14C]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 [2‑14C]Acetate Uptake in Peripheral 
Tissue

The [2-14C]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 = 5) 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 

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 [2-14C]acetate 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 [2-14C]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 
[2-14C]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, [2-14C]acetate uptake was 
reduced by more than 50% in mature rat brains [22]. The 
decrease in the uptake of intranasally administered [2-14C]
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 [2-14C]acetate 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.

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 = 6 ani-
mals per group)
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Fig. 4   Effect of PTZ on the brain uptake of intranasally administered 
[2-14C]acetate in 7-day-old mice. A: Representative coronal autoradi-
ograms 30 min following PTZ administration. The ROIs were identi-
fied based on the cerebral cortex, striatum, hippocampus, thalamus, 

amygdala, cerebellum, and pons-medulla. B: Results of autoradio-
gram analysis. The radioactivity concentrations are expressed as the 
DAR (mean ± SD, n = 5 animals per group, *P < 0.05, **P < 0.01 vs 
control)

Fig. 5   Effect of PTZ on the 
peripheral tissue uptake of intra-
nasally administered [2-14C]
acetate in 7-day-old mice. The 
radioactivity concentrations 
are expressed as the DAR 
(mean ± SD, n = 5 animals per 
group, *P < 0.05, **P < 0.01 vs 
control)
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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]-fluoro-3'-deoxy-3'-L-fluorothymidine [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 [2-14C]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 [2-14C]acetate intranasally or 
orally to 7-day-old mice, and compared brain uptake. Brain 
uptake of [2-14C]acetate after oral administration was 70% 
of that after intranasal administration. Although intranasally-
administered [2-14C]acetate could enter the blood through 
the nasal cavity, subsequently entering the brain from sys-
temic circulation, intranasally administered [2-14C]acetate 
was more efficiently transferred to the brain.

We also showed that PTZ transiently-induced convulsive 
seizures (Fig. 3) and significantly reduced [2-14C]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. [2-14C]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 

brain functions and research on neurological disorders using 
labeled probes in neonatal mice.

Acknowledgements  The authors would like to thank Editage (www.​
edita​ge.​jp) for English language editing.

Author Contributions  All authors contributed to the conception and 
design of this study. Rie Hosoi is the principal executor of all the stud-
ies and analyses, as well as the principal author of this manuscript. 
Material preparation, data collection, and analysis were conducted by 
Rie Hosoi, Kenya Tada, Takahiro Hayakawa, and Yuka Haga. The first 
draft of the manuscript was written by Rie Hosoi, and all authors com-
mented on previous versions of the manuscript. All the authors have 
read and approved the final version of the manuscript.

Funding  Open Access funding provided by Osaka University. The 
authors declare that no funds, grants, or other support was received 
during the preparation of this manuscript.

Data Availability  The datasets generated and/or analysed in this study 
are available from the corresponding author, Rie Hosoi, upon reason-
able request.

Declarations 

Ethical Approval  All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee, the Division of Health Sci-
ences, Graduate School of Medicine, Osaka University (approval no. 
31–03-3).

Consent to Participate, Consent to Publish  Not applicable.

Conflicts of Interest  The authors declare that they have no conflicts 
of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Umeda T, Tanaka A, Sakai A, Yamamoto A, Sakane T, Tomiyama 
T (2018) Intranasal rifampicin for Alzheimer’s disease prevention. 
Alzheimers Dement (N Y) 4:304–313. https://​doi.​org/​10.​1016/j.​
trci.​2018.​06.​012

	 2.	 Takahashi J, Ueta Y, Yamada D, Sasaki-Hamada S, Iwai T, Akita 
T et al (2022) Intracerebroventricular administration of oxytocin 
and intranasal administration of the oxytocin derivative improve 
β-amyloid peptide (25–35)-induced memory impairment in mice. 
Neuropsychopharmacol Rep 42:492–501. https://​doi.​org/​10.​1002/​
npr2.​12292

	 3.	 Smith K, Fan J, Marriner GA, Gerdes J, Kessler R, Zinn KR 
(2024) Distribution of insulin in primate brain following 

http://www.editage.jp
http://www.editage.jp
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.trci.2018.06.012
https://doi.org/10.1016/j.trci.2018.06.012
https://doi.org/10.1002/npr2.12292
https://doi.org/10.1002/npr2.12292


Molecular Imaging and Biology	

nose-to-brain transport. Alzheimers Dement (N Y). 10(1):e12459. 
https://​doi.​org/​10.​1002/​trc2.​12459

	 4.	 Johansson J, Hirvonen J, Lovró Z, Ekblad L, Kaasinen V, Rajasilta 
O et al (2019) Intranasal naloxone rapidly occupies brain mu-
opioid receptors in human subjects. Neuropsychopharmacology 
44:1667–1673. https://​doi.​org/​10.​1038/​s41386-​019-​0368-x

	 5.	 Almahmoud A, Parekh HS, Paterson BM, Tupally KR, Vegh V 
(2024) Intranasal delivery of imaging agents to the brain. Thera-
nostics 14(13):5022–01. https://​doi.​org/​10.​7150/​thno.​98473

	 6.	 Thorne RG, Pronk GJ, Padmanabhan V, Frey WH 2nd (2004) 
Delivery of insulin-like growth factor-I to the rat brain and spinal 
cord along olfactory and trigeminal pathways following intrana-
sal administration. Neuroscience 127:481–496. https://​doi.​org/​10.​
1016/j.​neuro​scien​ce.​2004.​05.​029

	 7.	 Singh N, Veronese M, O’Doherty J, Sementa T, Bongarzone S, 
Cash D et al (2018) Assessing the feasibility of intranasal radi-
otracer administration for in brain PET imaging. Nucl Med Biol 
66:32–39. https://​doi.​org/​10.​1016/j.​nucme​dbio.​2018.​08.​005

	 8.	 Lochhead JJ, Wolak DJ, Pizzo ME, Thorne RG (2015) Rapid 
transport within cerebral perivascular spaces underlies widespread 
tracer distribution in the brain after intranasal administration. J 
Cereb Blood Flow Metab 35:371–381. https://​doi.​org/​10.​1038/​
jcbfm.​2014.​215

	 9.	 Lochhead JJ, Kellohen KL, Ronaldson PT, Davis TP (2019) 
Distribution of insulin in trigeminal nerve and brain after intra-
nasal administration. Sci Rep 9:2621. https://​doi.​org/​10.​1038/​
s41598-​019-​39191-5

	10.	 Camfield P, Camfield C (2015) Incidence, prevalence and aeti-
ology of seizures and epilepsy in children. Epileptic Disord 
17(2):117–23. https://​doi.​org/​10.​1684/​epd.​2015.​0736

	11.	 Aaberg KM, Gunnes N, Bakken IJ, Lund Søraas C, Berntsen A, 
Magnus P et al (2017) Incidence and prevalence of childhood 
epilepsy: a nationwide cohort study. Pediatrics 139(5):e20163908. 
https://​doi.​org/​10.​1542/​peds.​2016-​3908

	12.	 Waniewski RA, Martin DL (1998) Preferential utilization of 
acetate by astrocytes is attributable to transport. J Neurosci 
18(14):5225–33. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​18-​14-​
05225.​1998

	13.	 Hosoi R, Kitano D, Momosaki S, Kuse K, Gee A, Inoue O (2010) 
Remarkable increase in 14C-acetate uptake in an epilepsy model 
rat brain induced by lithium-pilocarpine. Brain Res 1311:158–65. 
https://​doi.​org/​10.​1016/j.​brain​res.​2009.​10.​074

	14.	 Hosoi R, Kashiwagi Y, Tokumura M, Abe K, Hatazawa J, Inoue 
O (2007) Sensitive reduction in 14C-acetate uptake in a short-term 
ischemic rat brain. J Stroke Cerebrovasc Dis 16(2):77–81. https://​
doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2006.​11.​005

	15.	 Paulsen RE, Contestabile A, Villani L, Fonnum F (1987) An 
in vivo model for studying function of brain tissue temporarily 
devoid of glial cell metabolism: the use of fluorocitrate. J Neuro-
chem 48:1377–1385. https://​doi.​org/​10.​1111/j.​1471-​4159.​1987.​
tb056​74.x

	16.	 Racine RJ (1972) Modification of seizure activity by electrical 
stimulation. II. Motor seizure. Electroencephalogr Clin Neuro-
physiol 32(3):281–294. https://​doi.​org/​10.​1016/​0013-​4694(72)​
90177-0

	17.	 Van Erum J, Van Dam D, De Deyn PP (2019) PTZ-induced sei-
zures in mice require a revised Racine scale. Epilepsy Behav. 
95:51–55. https://​doi.​org/​10.​1016/j.​yebeh.​2019.​02.​029

	18.	 Busch H (1953) Studies on the metabolism of acetate-1-C in tis-
sues of tumor-bearing rats. Cancer Res 13(11):789–794

	19.	 Van den Berg CJ, Mela P, Waelsch H (1966) On the contribu-
tion of the tricarboxylic acid cycle to the synthesis of glutamate, 
glutamine and aspartate in brain. Biochem Biophys Res Commun 
23(4):479–484. https://​doi.​org/​10.​1016/​0006-​291x(66)​90753-4

	20.	 Berl S, Frigyesi TL (1969) The turnover of glutamate, glutamine, 
aspartate and GABA labeled with [1-14C]acetate in caudate 
nucleus, thalamus and motor cortex (cat). Brain Res 12(2):444–
455. https://​doi.​org/​10.​1016/​0006-​8993(69)​90012-2

	21.	 Bröer S, Rahman B, Pellegri G, Pellerin L, Martin JL, Verleys-
donk S et al (1997) Comparison of lactate transport in astroglial 
cells and monocarboxylate transporter 1 (MCT 1) expressing 
Xenopus laevis oocytes. Expression of two different monocar-
boxylate transporters in astroglial cells and neurons. J Biol Chem 
272(48):30096–102. https://​doi.​org/​10.​1074/​jbc.​272.​48.​30096

	22.	 Hosoi R, Okada M, Hatazawa J, Gee A, Inoue O (2004) Effect of 
astrocytic energy metabolism depressant on 14C-acetate uptake in 
intact rat brain. J Cereb Blood Flow Metab 24(2):188–190. https://​
doi.​org/​10.​1097/​01.​WCB.​00000​98606.​42140.​02

	23.	 Bourganis V, Kammona O, Alexopoulos A, Kiparissides C (2018) 
Recent advances in carrier mediated nose-to-brain delivery of 
pharmaceutics. Eur J Pharm Biopharm 128:337–362. https://​doi.​
org/​10.​1016/j.​ejpb.​2018.​05.​009

	24.	 Gänger S, Schindowski K (2018) Tailoring formulations for intra-
nasal nose-to-brain delivery: a review on architecture, physico-
chemical characteristics and mucociliary clearance of the nasal 
olfactory mucosa. Pharmaceutics 10(3):116. https://​doi.​org/​10.​
3390/​pharm​aceut​ics10​030116

	25.	 Ponto LLB, Huang J, Walsh SA, Acevedo MR, Mundt C, Sun-
derland J et al (2017) Demonstration of nucleoside transporter 
activity in the nose-to-brain distribution of [18F]fluorothymidine 
using PET imaging. AAPS J 20(1):16. https://​doi.​org/​10.​1208/​
s12248-​017-​0158-5

	26.	 Illum L (2000) Transport of drugs from the nasal cavity to the 
central nervous system. Eur J Pharm Sci 11(1):1–18. https://​doi.​
org/​10.​1016/​s0928-​0987(00)​00087-7

	27.	 Parker AK, Le MM, Smith TS, Hoang-Minh LB, Atkinson EW, 
Ugartemendia G et al (2016) Neonatal seizures induced by pentyl-
enetetrazol or kainic acid disrupt primary cilia growth on develop-
ing mouse cortical neurons. Exp Neurol 282:119–127. https://​doi.​
org/​10.​1016/j.​expne​urol.​2016.​05.​015

	28.	 Kharod SC, Carter BM, Kadam SD (2018) Pharmaco-resistant 
neonatal seizures: critical mechanistic insights from a chemocon-
vulsant model. Dev Neurobiol 78(11):1117–1130. https://​doi.​org/​
10.​1002/​dneu.​22634

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/trc2.12459
https://doi.org/10.1038/s41386-019-0368-x
https://doi.org/10.7150/thno.98473
https://doi.org/10.1016/j.neuroscience.2004.05.029
https://doi.org/10.1016/j.neuroscience.2004.05.029
https://doi.org/10.1016/j.nucmedbio.2018.08.005
https://doi.org/10.1038/jcbfm.2014.215
https://doi.org/10.1038/jcbfm.2014.215
https://doi.org/10.1038/s41598-019-39191-5
https://doi.org/10.1038/s41598-019-39191-5
https://doi.org/10.1684/epd.2015.0736
https://doi.org/10.1542/peds.2016-3908
https://doi.org/10.1523/JNEUROSCI.18-14-05225.1998
https://doi.org/10.1523/JNEUROSCI.18-14-05225.1998
https://doi.org/10.1016/j.brainres.2009.10.074
https://doi.org/10.1016/j.jstrokecerebrovasdis.2006.11.005
https://doi.org/10.1016/j.jstrokecerebrovasdis.2006.11.005
https://doi.org/10.1111/j.1471-4159.1987.tb05674.x
https://doi.org/10.1111/j.1471-4159.1987.tb05674.x
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/j.yebeh.2019.02.029
https://doi.org/10.1016/0006-291x(66)90753-4
https://doi.org/10.1016/0006-8993(69)90012-2
https://doi.org/10.1074/jbc.272.48.30096
https://doi.org/10.1097/01.WCB.0000098606.42140.02
https://doi.org/10.1097/01.WCB.0000098606.42140.02
https://doi.org/10.1016/j.ejpb.2018.05.009
https://doi.org/10.1016/j.ejpb.2018.05.009
https://doi.org/10.3390/pharmaceutics10030116
https://doi.org/10.3390/pharmaceutics10030116
https://doi.org/10.1208/s12248-017-0158-5
https://doi.org/10.1208/s12248-017-0158-5
https://doi.org/10.1016/s0928-0987(00)00087-7
https://doi.org/10.1016/s0928-0987(00)00087-7
https://doi.org/10.1016/j.expneurol.2016.05.015
https://doi.org/10.1016/j.expneurol.2016.05.015
https://doi.org/10.1002/dneu.22634
https://doi.org/10.1002/dneu.22634

	Ex-vivo Imaging of Glial Energy Metabolism in the Neonatal Mouse Brain during Convulsive Seizures with Intranasal Radiotracer Administration
	Abstract
	Purpose 
	Procedures 
	Results 
	Conclusions 

	Introduction
	Materials and Methods
	Ethics Statement
	Animals
	Chemicals
	Surgery and Microinjection of Fluorocitrate
	[2-14C]Acetate Administration
	[2-14C]Acetate Uptake
	Radio Thin-Layer Chromatography (Radio TLC) Analysis
	Behavioural Seizure Analysis
	Statistical Analysis

	Results
	Time Course of [2-14C]acetate Uptake in Mice Following Intranasal Administration
	Analysis of the Metabolites in Brain Homogenates by TLC
	[2-14C]Acetate Uptake in the Brain Following Orally Administration
	[2-14C]Acetate Uptake in the Brain of 3-Week-Old Mice
	Effects of PTZ on Behaviour in 7-day-old Mice
	Effects of PTZ on [2-14C]Acetate Uptake in Brain
	Effects of PTZ on [2-14C]Acetate Uptake in Peripheral Tissue
	Effects of PTZ on Body Weight

	Discussion
	Conclusions
	Acknowledgements 
	References


