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While changes in amino acids, energy metabolites, antioxidants or metabolites involved in phospholipid metabolism have been reported in the early stages, neurometabolic changes during the later post-natal period are less well characterized.
Therefore, we aimed to assess the neurometabolic changes in male Wistar rats between post-natal days 29 and 77 (p29-p77) using longitudinal magnetic resonance
spectroscopy (MRS) in vivo at 9.4 Tesla. 1H MRS was performed in the hippocampus
between p29 and p77 at 1-week intervals (n = 7) and in the cerebellum between p35
and p77 at 2-week intervals (n = 7) using the SPECIAL sequence at ultra-short echo-
time. NOE enhanced and 1H decoupled

31

P MR spectra were acquired at p35, p48

and p63 (n = 7) in a larger voxel covering cortex, hippocampus and part of the striatum. The hippocampus showed a decrease in taurine concentration and an increase
in glutamate (with more pronounced changes until p49), seemingly a continuation of
their well-described changes in the early post-natal period. A constant increase in
myo-inositol and choline-containing compounds in the hippocampus (in particular
glycero-phosphocholine as shown by

31

P MRS) was measured throughout the ob-

servation period, probably related to membrane metabolism and myelination. The
cerebellum showed only a significant increase in myo-inositol between p35 and p77.
In conclusion, this study showed important changes in brain metabolites in both the
hippocampus and cerebellum in the later post-natal period (p29/p35-p77) of male
rats, something previously unreported. Based on these novel data, changes in some
neurometabolites beyond p28-35, conventionally accepted as the cut off for adulthood, should be taken into account in both experimental design and data interpretation in this animal model.

Abbreviations: AHP, adiabatic half passage; Ala, alanine; Asc, ascorbate; Asp, aspartate; ATP, adenosine tri-phosphate; bHB, β-hydroxybutyrate; Cr, creatine; CRLB, Cramer-R ao lower
bounds; GABA, γ-aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GOT, L-aspartate:2-oxoglutarate aminotransferase, GPC, glycerophosphocholine; GPE,
glycerophosphoethanolamine; GS, glutamine synthetase; GSH, glutathione; Ins, myo-inositol; Lac, lactate; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate; NAAG,
N-acetylaspartylglutamate; NAD, nicotinamide adenine dinucleotide; NOE, nuclear Overhauser effect; OVS, outer volume suppression; PCho, phosphocholine; PCr, phosphocreatine;
PE, phosphoethanolamine; Pialk, alkaline inorganic phosphate; Piin, intracellular inorganic phosphate; RRID, Research Resource Identifier (see scicrunch.org); Scyllo, scyllo-inositol; Tau,
taurine; tCho, total choline; tCr, total creatine; VAPOR, variable power and optimized relaxation delays; VOI, volume of interest.
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1 | I NTRO D U C TI O N

Therefore, the purpose of this study was to evaluate the neurometabolic changes of healthy male rats during the late post-

Post-natal brain development in rats is characterized by temporal

natal period (p29-p77) in the hippocampus, cerebellum and in a

changes in the concentrations of its metabolites. These changes

larger voxel covering cortex, hippocampus and part of the stria-

have been studied in detail mainly at late embryonal and early

tum. The rationale was to study the equivalent of childhood and

post-natal stages until post-natal day 28 (p28) or p35; beyond this

adolescence in humans, as little is known about precise timing of

time-point rats are considered adults (Agrawal et al., 1971; Bayer &

later post-natal changes. Using 1H and

McMurray, 1967; Burri et al., 1990; Huxtable et al., 1989; Terpstra

fields (i.e. 9.4T), we aimed to describe a time course of metabolic

et al., 2010; Tkáč et al., 2003). These studies have shown that the

changes in the brain of young adult rats. These non-invasive and

most prominent changes in the concentrations of metabolites during

complementary techniques allow the assessment of brain metabo-

brain development include increases in N-acetyl-aspartate, cre-

lites involved in neurotransmission, osmoregulation, cellular redox

atine and phosphocreatine. A decrease in taurine and variations in

state, phospholipid and energy metabolism in vivo and with high

amino acids involved in neurotransmission (glutamine, glutamate,

precision.

31

P MRS at high magnetic

γ-aminobutyric acid) were also observed. Next, variations in phospholipids and metabolites involved in phospholipid metabolism such
as different choline-and ethanolamine-containing compounds were
reported in these studies. Also, an increase in myo-inositol and fluctuations in antioxidants were clearly established. Finally, various

2 | M E TH O DS
2.1 | Study design

changes in the transport of metabolic substrates and in the metabolism of glucose, fatty acids, ketone bodies and lactate have been re-

All animal experiments were conducted according to federal and

ported (Erecinska et al., 2004; Mckenna et al., 2015). These changes

local ethical guidelines, the protocols were approved by the local

have been linked to the following metabolic processes: a decrease

Committee on Animal Experimentation for the Canton de Vaud,

in ketone body utilization after the suckling period (about p21), a

Switzerland (VD 2761) and the study was not pre-registered.

decrease in the rate of lactate transport through brain capillaries, an

Thirty-five Wistar male rats (n = 35 animals) were used in the

increase in glucose transport and utilization since birth, and enzy-

study: seven rats for 1H MRS measurements in hippocampus at p29,

matic maturation after p30.

p43, p57, p71; seven rats for 1H MRS measurements in hippocam-

In other mammals and humans, the nervous system devel-

pus at p35, p49, p63, p77; seven rats for 1H MRS measurements in

ops over a long period of time. In the rat, though most of the

cerebellum at p35, p49, p63, p77; and seven rats for 31P MRS at p35,

post-natal developmental changes happen within the first three

p49, p63. Five groups of rats (n = 7 animals per group) were used

post-natal weeks, some aspects of cell differentiation, synapto-

in order to decrease the exposure of each animal to anaesthesia

genesis, gliogenesis and myelination continue beyond p45 (Rice

(i.e. one group of rats per MRS experiment and per brain region).

and Barone 2000; Semple et al., 2013). In addition, synaptogenesis

Because of technical reasons, 1H MRS data in cerebellum at p35 and

and myelination continue into adulthood (Rice and Barone 2000;

31

Erecinska et al., 2004) and happen in a region-d ependant manner

rats (n = 7) was scanned only once at p77 in the hippocampus using

P MRS data at p63 were acquired only on six rats. The last group of

(Semple et al., 2013). These later changes are of interest given the

1

importance of the rat model in understanding brain physiology

at the same time point to assess the potential effects of recurrent

and modelling human disease.

anaesthesia.

H MRS and was compared with the rats scanned longitudinally

The hippocampus and cerebellum are particularly compelling

Wistar Han IGS dams (Crl:WI(Han)) and their male pups were ob-

to study late brain development and differentiation. Certain devel-

tained on p10/p11 (rats that started the MRS measurements on p29)

opmental processes occur later and at a slower rate than in other

or on p16/p17 (all the other rats) from Charles River laboratories

brain regions. In particular, the hippocampal dentate gyrus and

(L’Arbresle, France). All animals were weaned at p21.

cerebellum are two areas remarkable for extended neurogenesis

During the MR experiments, animals were kept under 1.5%–

(Bayer et al., 1993): while it reaches a maximum at p12-15, it contin-

2% isoflurane anaesthesia (~50% air and ~50% oxygen, Attane™

ues slowly into adulthood in both the hippocampus and cerebellum

Isoflurane ad us. vet., Piramal Healthcare) with respiration rate main-

(Altman, 1972a, 1972b, 1972c; Altman & Das, 1965, 1966). The cere-

tained at 60–70 breaths/min and body temperature at 37.5–38.5°C.

bellum is chronologically also one of the last brain regions to benefit

Animals were kept in the animal facility with 12 hr/12 hr light/dark

from mature enzymes involved in glycolysis and in the tricarboxylic

cycle in a cage type E 1050 cm2 (2–3 rats per cage). Standard rat

acid cycle (Leong & Clark, 1984a, 1984b).

chow and water were available ad libitum for the duration of study.

|
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2.2 | MRS

3

reference, assuming 80% of water in brain tissue. Brain water content is known to change post-natally, the fastest decline takes place

All MR experiments were performed on a horizontal actively shielded

between p7 and p28 dropping from 88% to 80% (De Souza and

9.4 Tesla system (Magnex Scientific) interfaced to a Varian Direct

Dobbing 1971; Tkáč et al., 2003). However, brain water content does

Drive console. The magnet characterized by a 31 cm horizontal bore

not change significantly beyond p28 stabilizing at approximately

is equipped with a 12 cm inner-diameter actively shielded gradient

80% (De Souza and Dobbing 1971).

sets giving a maximum gradient strength of 400 mT/m in 120 μs.
Eddy currents were minimized using time-dependent quantitative
eddy current field mapping (Terpstra et al., 1998). Two home-built

2.2.2 |

31

P MRS

coils were used, described in the corresponding sections below. The
31

volume of interest (VOI) was positioned on axial and sagittal ana-

For

tomical T2-weighted images (multislice turbo-spin-echo sequence,

of a pair of 1H-loops (diameter = 18 mm) in quadrature and a sin-

repetition time TR = 4 s, effective echo time TEeff = 52 ms, echo train

gle

length = 8, field of view = 23 × 23 mm , slice thickness = 1 mm, 2 av-

Localized spectra were acquired using a non-selective adiabatic

erages, 256 x 256 image matrix). The static magnetic field homoge-

half passage (AHP) pulse for excitation, localized by OVS (x,z) and

neity was adjusted using first-and second-order shims by FAST(EST)

1D-ISIS (y) (Mlynárik et al., 2012; Rackayova et al., 2016) (TR = 8 s,

2

MAP (Gruetter, 1993; Gruetter & Tkác, 2000).

P MRS, a home-built double-tuned surface coil consisting

31

P-loop (diameter = 15 mm) coil were used as transceivers.

384 avg.) in VOI = 5 × 9 × 9 mm3 covering cortex, hippocampus

and part of striatum. WALTZ-16 was used for nuclear Overhauser

2.2.1 |

1

H MRS

effect (NOE) and 1H-decoupling. Quantification was performed
using AMARES (jMRUI) (Vanhamme et al., 1997), fitting PE, PCho,
intracellular and alkaline inorganic phosphate (Piin and Pialk), glycer-

A quadrature surface coil was used as a transceiver (loops diam-

ophosphoethanolamine (GPE), GPC, PCr, reduced form of nicotina-

eter = 14 mm) to measure the VOI placed in dorsal hippocampus

mide adenine dinucleotide (NADH) as a single spectral component;

(2 × 2.8 × 2 mm3) or cerebellum (2.5 × 2.5 × 2.5 mm3). Localized

gamma- and alpha-phosphorus in adenosine tri-phosphate (γATP

spectra were acquired with SPECIAL spectroscopy sequence

and αATP) and oxidized form of nicotinamide adenine dinucleotide

(TE = 2.8 ms, TR = 4 s, 160 averages) (Mlynárik et al., 2006). Outer

(NAD+) as doublets (two spectral components with equal amplitude

volume suppression (OVS) was interleaved with water signal sup-

and fixed chemical shift); and finally beta-phosphorus in adenosine

pression consisting of RF pulses with variable power and optimized

tri-phosphate (βATP) as triplet (three spectral components with am-

relaxation delays (VAPOR) (Tkáč et al., 1999).

plitude ratio 1:2:1 and fixed chemical shift). A detailed description

LCModel (Provencher, 2001) (RRID:SCR_014455) was used for

of the prior knowledge used is provided in Table S1.

31

P MRS were

spectral fitting and metabolite concentrations calculation. The re-

corrected for NOE effect measured in a separate experiment and

liability of the metabolite concentration measure was estimated by

normalized for each rat using its PCr concentration from 1H MRS (as

Cramer-Rao lower bounds (CRLB) and only metabolites with CRLB

previously described) acquired in VOI = 4 × 7.5 × 6.5 mm3 centred in

lower than 30% were accepted for further analysis. The LCModel

31

P VOI (80 averages). A smaller VOI for 1H MRS was used in order

basis-set for spectral fitting contained a spectrum of macromolecules

to reach better homogeneity of static magnetic field (to have water

acquired in vivo (Cudalbu et al., 2012) and individual metabolites

resonance linewidth of ≈14 Hz) and therefore clear separation of Cr

measured in vitro. The ultra-short echo-time 1H MRS allowed the

and PCr peak. Only γATP was used to assess ATP concentration. In

detection of the following 17 metabolites, all included in basis-set:

addition, the pH was estimated as described in (Lanz et al., 2017;

alanine (Ala), ascorbate (Asc), aspartate (Asp), glycerophosphocho-

Rackayova et al., 2016).

line (GPC), phosphocholine (PCho), creatine (Cr), phosphocreatine
(PCr), γ-aminobutyric acid (GABA), glutamine (Gln), glutamate (Glu),
glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-acetylaspartate

2.3 | Statistical analysis

(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine
(PE) and taurine (Tau). In addition, glucose (Glc), β-hydroxybutyrate

Results (in the text and in figures) are presented as mean ± SD for

(bHB) and scyllo-inositol (Scyllo) signals were included in the basis-set

each time-point or as mean ± SD of all time-points together if there

to increase the precision of quantification but their concentrations

was no change in the metabolite concentration during the obser-

were not reliably estimated in most of the rats and thus not pre-

vation period. Sample size calculation was not performed before

sented. PCho and GPC were expressed only as tCho (PCho + GPC)

starting the study and the number of animals was determined based

because of better accuracy in the estimation of their concentration

on previous studies (Mlynárik et al., 2012; Rackayova et al., 2016;

as a sum. Ala, Asp and GSH were not reported in the cerebellum,

Terpstra et al., 2010; Tkáč et al., 2003). Prism 5.03 (Graphpad;

since these metabolites reached CRLB higher than 30%.

RRID:SCR_002798) and Matlab (MathWorks; RRID:SCR_001622)

Metabolite concentrations were expressed in mmol/kg ww using

were used for all the statistical analysis. Shapiro–Wilk normality test

the unsuppressed water signal from the same VOI as an internal

was used for every metabolite together with a QQ plot. Two-way

4
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ANOVA was performed on 1H MRS data in hippocampus and one
1

31

GPC signal between p35 and p63. The use of OVS together with 1D-

P MRS data.

ISIS for localization ensured a flat baseline and narrow spectral lines.

The T-test was used to compare the data between single and mul-

Shimming in a large voxel covering cortex, hippocampus and stria-

way ANOVA on H MRS data in cerebellum and on

tiple anaesthesia groups. The F-test and Bartlett-test were used to

tum resulted in unsuppressed water signal linewidths of 14–18 Hz.

compare the variances and the Welch correction was applied to take

This, together with the use of a home-built double-tuned 1H-31P coil,

into account the difference of variances when needed (i.e. Gln, GSH

1

and Tau). Significance in all tests was attributed according to the fol-

nal to noise ratio with well-resolved spectral lines. Therefore, a good

lowing: *p < .05; **p < .01; ***p < .001; ****p < .0001 and all metabo-

separation of phospho-monoesters and -diesters, intracellular and

lites showing statistically significant changes passed the normality

alkaline inorganic phosphate and oxidized and reduced form of NAD

test (p value ranging between 0.07 and 0.97). Blinding and sample

was obtained.

H-31P NOE enhancement and 1H decoupling resulted in a high sig-

size calculation were not performed.

3.3 |

3 | R E S U LT S

1

H MRS in hippocampus

The time course of all metabolites measured by 1H MRS in hip-

3.1 | Weight

pocampus is shown in Figure 4 and Table S2. Glu, Ins, Tau and tCho
were the only metabolites showing a significant change after p29 in

Figure 1 shows the increase in the rat's weight between p29 and p77.

hippocampus.
Glu increased significantly (p < .05) over the observation pe-

3.2 | Quality of 1H MR and 31P MR spectra acquired
in vivo
In general, 1H MR spectra from hippocampus and cerebellum ex-

riod between p29 and p77. It increased from 8.93 ± 0.62 mmol/
kg ww at p29 to 10.21 ± 0.47 mmol/kg ww at p49 (+14%) and reached
10.38 ± 1.01 mmol/kg ww at p77. Ins showed a significant (p < .0001)
increase throughout the whole study. Starting at 6.24 ± 0.49 mmol/
kg ww at p29, reaching 8.62 ± 1.02 mmol/kg ww at p77 (+38%), with a

hibited excellent signal to noise ratio and shimming resulted in

mean increase of 0.05 mmol/kg ww/day. Tau decreased significantly

unsuppressed water signal linewidths of 9–10 Hz and 14–16 Hz, re-

(p < .01) over the observation period between p29 and p77. It dropped

spectively, leading to highly resolved spectra (Figure 2). The absence

from 8.85 ± 0.75 mmol/kg ww at p29 to 7.48 ± 0.64 mmol/kg ww at

of contamination with extracerebral lipid peaks at 1.3–1.7 ppm con-

p49 (−15%; −0.07 mmol/kg ww/day) and reached 7.28 ± 0.77 mmol/

firmed the quality of signal localization, whereas the VAPOR water

kg ww at p77. tCho showed a significant (p < .0001) increase through-

suppression provided a residual water signal intensity below that of

out the whole study. Increasing from 0.73 ± 0.16 mmol/kg ww at p29

NAA. Therefore, notable differences in metabolite signals were vis-

to 1.12 ± 0.12 mmol/kg ww at p77 (+53%), with a mean increase of

ible in the spectra (e.g. increase in tCho, Ins and decrease in Tau).

0.008 mmol/kg ww/day. No significant cross effects (time versus

Figure 3 demonstrates the quality of the

31

P MRS spectra ob-

group) were observed in two way ANOVA analysis.

tained during the study with a visible increase in amplitude of the

3.4 |

500

H MRS in cerebellum

The time course of all metabolites measured by 1H MRS in the cer-

400

weight [g]

1

ebellum is shown in Figure 5 and Table S3. Ins was the only metabolite showing a significant (p < .0001) change between p35 and

300

p77 in the cerebellum. It increased from 7.17 ± 0.73 mmol/kg ww
at p35 to 9.02 ± 0.68 mmol/kg ww at p77 (+26%), with a mean in-

200

crease of 0.05 mmol/kg ww/day, akin to the changed measured in the
hippocampus.

100
0

31

P MRS

77

71

63

57

49

43

35

29

3.5 |

post-natal days
F I G U R E 1 Weight of the rats between post-natal day 29 and
77. p29 (n = 7), p35 (n = 7), p43 (n = 7), p49 (n = 7), p57 (n = 7), p63
(n = 7), p71 (n = 7), p77 (n = 7),n represents the number of animals
per group

Figure 6 and Table S4 show the evolution of all brain metabolites
measured by

31

P MRS between p35 and 63. Only GPC showed a

significant increase (p < .05) between p35 and p63, increasing from
0.57 ± 0.12 mmol/kg ww to 0.82 ± 0.20 mmol/kg ww (+44%), with
a mean increase of 0.009 mmol/kg ww/day, in agreement with the

|
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Hippocampus

5

Cerebellum
tCr

GABA, NAAG

Glu
Glu, Gln, GSH
Glu, NAAG
NAA

GABA

Tau

GABA, GSH

Ins

tCho, PE

Ins

Cr, Asp
Glu, Gln, GSH, Asc

PCr

NAA

p35

p29

Ins
Ins

p77

p77

F I G U R E 2 In vivo 1H MRS spectra acquired at 9.4T in the hippocampus and cerebellum in a rat at post-natal day 29 (p29)/ 35 (p35) and
p77 with a visible increase in myo-Inositol (Ins, blue) and total choline (tCho, orange) resonance and decrease in taurine (Tau, green). Alanine
(Ala), ascorbate (Asc), aspartate (Asp), creatine (Cr), phosphocreatine (PCr), γ-aminobutyric acid (GABA), glutamine (Gln), glutamate (Glu),
glutathione (GSH), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE)
increase in tCho (PCho + GPC) measured by 1H MRS in hippocam-

metabolite concentrations measured at p29 in the hippocampus

pus. All the other metabolites measurable by

31

P MRS showed only

were in close agreement with literature values obtained at p28 in

slight variations and did not reach statistical significance. In addition,

the hippocampus in similar conditions (Terpstra et al., 2010; Tkáč

we observed a significant decrease in brain pH with age, with the

et al., 2003). Our study revealed that after p29 Glu, Tau, tCho and

strongest decrease occurring between p35 and 49 (p < .0001).

Ins showed significant changes in the hippocampus. Glu showed an
increase and Tau a decrease mainly until p49. tCho and Ins increased

3.6 | Potential influence of recurrent anaesthesia on
brain metabolites in the hippocampus

throughout the study from p29 to p77. This increase in tCho was in
line with the increase in GPC measured by 31P MRS in volume covering cortex, hippocampus and striatum. The only metabolite showing
a significant change between p35 and p77 in the cerebellum was Ins,

To assess the potential effects of recurrent isoflurane anaesthesia,

which increased during the observation period.

the metabolite concentrations in the hippocampus at p77 in the
group of rats followed longitudinally were compared to those measured in an age-matched group of rats who underwent a single 1H

4.1 | Metabolites involved in neurotransmission

MRS measurement in the hippocampus at p77 only. No difference in
the concentrations of brain metabolites between these two groups

Post-natal changes in Gln, Glu, Asp and GABA are probably linked

at p77 was measured, except for a 13% increase in tCho (p = .04)

with the maturation of enzymes involved in neurotransmission pro-

(Figure S1).

cesses and enzymes involved in amino-acid metabolism. In addition,
changes in the ratios between glial cells, excitatory and inhibitory

4 | D I S CU S S I O N

neurons could also play a role (Bandeira et al., 2009).
According to Bayer & McMurray, (1967), brain glutamine synthetase (GS) activity (measured in the whole brain: cerebrum and

This study reports significant changes in brain metabolites of rats

cerebellum) increases in rats until p26 and stabilizes thereafter,

during the late post-natal period (p29-p77), something, to the best

which is in agreement with the increase in cerebral Gln con-

of our knowledge, not shown previously with such resolution. All

centration observed from birth to p28 by in vivo 1H MRS (Tkáč

6
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increase in whole-brain Glu between p30/p35 and adult rat using
ex vivo methods. However, Bayer et al. reported a rather constant brain Glu concentration between p29 and adults (Bayer &
McMurray, 1967), possibly due to the measurements in the cerebrum and cerebellum. It is important to emphasize that a precise
comparison with other studies is difficult because of methodological
differences and anatomical regions studied. Finally, in this study, we
did not observe any significant change in Asp and GABA concentration in the hippocampus or the cerebellum.

4.2 | Metabolites involved in
phospholipid metabolism
PCho, GPC, PE, GPE but also Ins are anabolic or catabolic products
of phospholipids. They are a source of choline, ethanolamine and
inositol for phospholipid synthesis and therefore play an important
role in membrane metabolism and myelination. Phospholipids are essential both for membrane remodelling and synthesis and for signal
transduction. Choline-containing compounds serve as precursors
for the neurotransmitter acetylcholine, and Ins acts as a precursor
for second messengers.
Phospholipids are essential during brain development because
of intense cell membrane turnover and myelination. Phospholipid
F I G U R E 3 In vivo 31P MRS spectra acquired at 9.4T in the
VOI = 5 × 9 × 9 mm3 in the same rat at post-natal day 35 (p35)
and p63 with a visible increase in glycerophosphocholine (GPC,
grey) resonance. Phosphoethanolamine (PE), phosphocholine
(PCho), alkaline and intracellular inorganic phosphate (Pialk and
Piin), glycerophosphoethanolamine (GPE), phosphocreatine (PCr),
gamma-, alfa-and beta-phosphorus in adenosine tri-phosphate
(γATP, αATP and βATP), reduced form of nicotinamide adenine
dinucleotide (NADH), oxidized form of nicotinamide adenine
dinucleotide (NAD+)

turnover is elevated at birth and increases by 30% by adulthood,
indicating its importance early in brain development (Carey
& Foster, 1984). In addition, different phospholipid species
show diverse patterns during post-natal development (Carey &
Foster, 1984).
In this study, we showed constant PE concentrations in both
the hippocampus and cerebellum. We also observed a significant increase in tCho in the hippocampus between p29 and p77,
whereas in the cerebellum tCho did not change significantly between p35 and p77. tCho resonances in 1H MRS include several

et al., 2003) and with the constant concentration observed in this

choline-containing compounds, mainly PCho and GPC. Through

study between p29 and p77 in the hippocampus and between p35

the use of

and p77 in the cerebellum. This also corroborates previous stud-

tCho by 1H MRS in hippocampus was due to GPC increase. The

ies showing constant Gln concentration in the brain between p28/

constant PE concentration observed in the hippocampus was also

p30 and adulthood (Bayer & McMurray, 1967; Oja & Piha, 1966;

confirmed by

Oja et al., 1968) measured by ex vivo chromatographic, spectro-

pus and striatum.

31

P MRS we concluded that the observed increase in

31

P MRS in a larger VOI covering cortex, hippocam-

photometric or other biochemical methods. In contrast, Burri et al.

Several studies have reported a decrease in PE between

(Burri et al., 1990) showed in brain extracts a slight increase in Gln

p7 and p28, (Burri et al., 1988, 1990; Tkáč et al., 2003), a de-

between p35 and adulthood, measured by in vitro 1H MRS and

crease in phospho-monoesters (PE + PCho) (Burri et al., 1988;

chromatography.

Hida et al., 1992; Tofts & Wray, 1985) or decrease in tCho (Hida

This study showed that Glu increased in the hippocampus

et al., 1992; Tkáč et al., 2003). These changes were measured by

(mostly until p49) but not in the cerebellum. The measured increase

1

in the hippocampus was consistent with the work of others (Burri

gions including the hippocampus but not the cerebellum. The sud-

et al., 1990; Oja & Piha, 1966; Oja et al., 1968) who described an

den switch between: (1) the decrease in PE and tCho during the

H MRS or

31

P MRS, mainly in whole brain or different brain re-

F I G U R E 4 Evolution of brain metabolites measured by in vivo longitudinal 1H MRS in hippocampus p29 (n = 7), p35 (n = 7), p43 (n = 7),
p49 (n = 7), p57 (n = 7), p63 (n = 7), p71 (n = 7), p77 (n = 7). Alanine (Ala), ascorbate (Asc), aspartate (Asp), creatine (Cr), phosphocreatine
(PCr), γ-aminobutyric acid (GABA), glutamine (Gln), glutamate (Glu), glutathione (GSH), myo-Inositol (Ins), lactate (Lac), N-acetylaspartate
(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), total choline (tCho), taurine (Tau), n represents the number of animals
per group
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F I G U R E 5 Evolution of brain metabolites measured by in vivo longitudinal 1H MRS in cerebellum. p35 (n = 6), p49 (n = 7), p63 (n = 7),
p77 (n = 7). Ascorbate (Asc), aspartate (Asp), creatine (Cr), phosphocreatine (PCr), γ-aminobutyric acid (GABA), glutamine (Gln), glutamate
(Glu), myo-Inositol (Ins), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), total choline
(tCho), taurine (Tau), n represents the number of animals per group

RAČKAYOVÁ et al.

F I G U R E 6 Evolution of brain metabolites measured by in vivo longitudinal 31P MRS in VOI = 5 × 9 × 9 mm3. p35 (n = 7), p49 (n = 7),
p63 (n = 6). Phosphocreatine (PCr), gamma-phosphorus in adenosine tri-phosphate (γATP), alkaline and intracellular inorganic phosphate
(Pialk and Piin), total nicotinamide adenine dinucleotide (tNAD), reduced form of nicotinamide adenine dinucleotide (NADH), oxidized
form of nicotinamide adenine dinucleotide (NAD+), phosphocholine (PCho), phosphoethanolamine (PE), glycerophosphocholine (GPC),
glycerophosphoethanolamine (GPE), n represents the number of animals per group
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early post-natal period until p28 observed in other studies and (2)

decrease in Tau between p29 and p77 (with sharper decrease until

the constant PE with increasing tCho in the hippocampus (or more

p49) was observed in the hippocampus , in agreement with previ-

precisely increasing GPC) after p29 observed in our study might be

ous studies performed between p28/p30 and adulthood (Agrawal

related to changes in cell density and ratio between neuronal and

et al., 1971; Huxtable et al., 1989; Oja & Piha, 1966; Oja et al., 1968).

non-neuronal cells in the early and later post-natal periods (matu-

The small but non-significant decrease in Tau observed in the cer-

ration and changes in the density of axons as well as branches and

ebellum between p35 and p77 suggests that the sharp decline in Tau

spines on dendritic trees, and in astrocytic processes). Bandeira

was already passed. Tau has a similar molecular shape and charge

et al. have reported a decrease in neuronal density and an increase

to phosphatidyl-choline and phosphatidyl-ethanolamine and there-

in non-neuronal cell density between birth and p20 in the hippo-

fore can interact with membranes, meaning that the decrease in

campus, resulting in increase in non-neuronal to neuronal cells ratio

Tau during development observed in the hippocampus in our study

during this period and stabilizing thereafter (Bandeira et al., 2009).

can play a role in membrane stabilization. Moreover, Tau appears

The switch in concentrations of metabolites involved in phos-

to regulate the ratio between ethanolamine and choline in some

pholipid metabolism in the hippocampus around p28 might also

membranes, probably by regulating the rate of phospholipid meth-

be related to different rates of myelination before and after ≈p25.

ylation (Huxtable, 1992; Huxtable et al., 1989). This is in line with

Studies have shown that the maximum myelination in the rat brain,

the significant changes in both Tau and tCho in the hippocampus

including in the hippocampus, takes place during the period between

observed in this study. The ethanolamine to choline ratio will influ-

p10 and ≈p25 (Jacobson, 1963; Meier et al., 2004; Wiggins, 1986).

ence membrane structure and properties because phosphatidyl-

This interval of intense myelination is followed by a period of slow

choline is preferentially localized on the outer part of phospholipid

myelination (Wiggins, 1982; Rice and Barone 2000) and with age-

bilayer and phosphatidylethanolamine is preferentially on the inner

dependent changes in myelin composition (Smith, 1973).

part (Deleke, 2007; Harper et al., 2014; Ikeda et al., 2006; Schaffer

In addition, Huxtable et al. have shown a sharp decrease in

et al., 1995). Of note, it was sugested based on in vivo and ex vivo

phosphatidyl-choline and phosphatidyl-ethanolamine (phospholip-

1

ids unmeasurable by MRS) in synaptosomes until p28 followed by

counterpart of NAA in adult brain (Nakada, 2010).

H MRS experiments in rats until ~p30 that Tau in fetal brain is the

a slight increase between p28 and p56 which correlates with our
findings in the hippocampus (Huxtable et al., 1989).
It has been previously shown that Ins concentration increases

4.4 | Metabolites involved in energy metabolism

from birth until p28 (Tkáč et al., 2003). Our study adds to this previous report by demonstrating that Ins concentrations continued to

Metabolites involved in energy metabolism did not present any sig-

rise both in the hippocampus and cerebellum, at least until p77. This

nificant changes during the observation period up to p77 in any of

increase may be linked to membrane formation and myelination, in

the brain region studied (Cr, PCr, γATP, Piin). Cr and PCr were shown

both areas, given that Ins is a precursor of phosphatidyl-inositol.

to increase in rat brain during post-natal period (Burri et al., 1990;

Polyphospho-inosides are an important component of myelin and

Hida et al., 1992; Tkáč et al., 2003; Tofts & Wray, 1985), and our

contribute significantly to myelin phospholipid turnover both in the

data showed that these stay stable after p29 in the hippocampus and

adult and the developing brain (Jungalwala & Dawson, 1971). Uma

after p35 in the cerebellum. This is important information for in vivo

et al. reported that some polyphospho-inosides increased in the rat

MRS studies that often use tCr (in 1H MRS) or PCr (in 31P MRS) as an

brain until p34, whereas some increased until p63 and beyond (Uma

internal concentration reference. No change in ATP was expected as

& Ramakrishnan, 1983).

adult levels of adenine nucleotides are expected to be reached early

Therefore, the observed increases in tCho and Ins in the hippo-

during brain development (Erecinska et al., 2004).

campus may be related given that both are involved in phospholipid

It has to be emphasized that mammalian species develop at dif-

metabolism. Finally, while the Ins increase was accompanied by tCho

ferent rates especially when focusing on neurodevelopmental pro-

increase in the hippocampus, this was not observed in the cerebel-

cesses and brain regions. As such, finding the exact ‘equivalence’

lum between p35 and p77.

between species for a specific neurodevelopmental process, and
then establishing when all neurodevelopmental processes in rats

4.3 | Taurine

at a specific moment translate in a specific time window in humans, is very complex and it may only be considered as far as a
specific event or function is concerned (Erecinska et al., 2004).

A post-natal decrease in brain Tau concentration is accepted to be

In the present work, we used as reference a model of brain de-

an important neurodevelopmental event and is highly conserved

velopmental characteristics across mammalian species (Workman

across species (Huxtable, 1992). Tau decrease takes place in spite

et al., 2013; http://translating time.org/translate) where rat brain

of increasing cysteine sulphinate decarboxylase activity from birth

development at p29 is considered to correspond to ≈1.5-year-old

to adulthood (Agrawal et al., 1971). Therefore, it is believed that

human taking into account most of developmental features (my-

this Tau decrease might be because of a loss of maternal Tau stores

elination, axonal growth, neurogenesis, sensorimotor develop-

(Agrawal et al., 1971; Sturman et al., 1977). In this study, a significant

ment and brain growth). In other manuscripts, the rodent brain

|
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at p20-21 has been considered to correspond to a 2–3 years old
human (Semple et al., 2013).
In conclusion, the results of this study provide insight into the
neurometabolic changes during the late phases of brain development in the male rat (post-natal period p29/p35 - p77) both in the
hippocampus and cerebellum. Rat animal models are widely used
in research, especially young adult rats, and physiological changes
in brain metabolites may impact data interpretation during certain
developmental windows. In the hippocampus, our results provide
compelling evidence to suggest that the dominant metabolic developmental feature during this period involves phospholipid metabolism, membrane formation and myelination, as both tCho and Ins
play a role as phospholipids precursors or degradation products.
In addition, sustained Glu increase and Tau decrease were also observed, both previously known to occur earlier during post-natal
development. In the cerebellum, the only significant change was an
increase in Ins. Finally, there were no significant changes in energy
metabolism during the studied window as measured by Cr, PCr, ATP
or Piin. We propose that these late changes are the signature of late
enzymatic maturation (Bayer & McMurray, 1967).
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