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Transcription and accumulation of brain-type creatine kinase

(CKB) mRNA and its protein was examined during postnatal

development of rat brain cerebellum, the brain region containing

highest CKB mRNA in the adult. CKB protein was extremely

low at day 1, increased about 10-fold until week 4 and remained

constant until week 10. This time course was paralleled by

cerebellar CKB mRNA, which was also extremely low at day 1

and increased 5-fold during the first 3 weeks and then remained

constant. High levels of CKB protein were also detected in

cultured primary cerebellar granular neurons. Nuclear run-on

assays directly showed that CKB mRNA accumulation during

postnatal cerebellar development was due to increased tran-

scription. When compared with cerebrum and whole brain,

cerebellar CKB mRNA accumulation during postnatal devel-

opment was temporally delayed. Analysis of myocyte enhancer

factor (MEF)-2 and Sp1, factors known to initiate or sustain

INTRODUCTION

The creatine kinase (CK) isoenzymes catalyse the synthesis of

phosphocreatine (PCr) and its subsequent use in the regeneration

of ATP in cell types where the consumption of ATP is rapid

and}or sudden. Previous reports have suggested that in the brain

the different CK isoforms constitute an energy shuttle wherein

ATP produced in the mitochondria is used by a mitochondrial

CK [e.g. ubiquitous mitochondrial creatine kinase (uMi-CK) in

brain] to generate PCr, which is then transported and used by a

cytoplasmic CK [e.g. brain creatine kinase (CKB) in brain] to

regenerate ATP at discrete cellular sites of high ATP turnover

[1,2]. CKB is expressed in a number of tissues and is most

abundant in adult brain, approx. 5-fold lower in the stomach, 10-

fold lower in the heart and barely detectable in liver [3,4]. In

brain, whereas most CKB has been shown to be cytosolic [5],

several of the reactions requiring CKB are membrane-associated.

CKB appears to have a role in regenerating ATP needed for the

transport of ions and neurotransmitters since CKB has been

localized to brain synaptic plasma membranes, possibly coupled

to Na+}K+-ATPase [6] and acetylcholine receptor-rich mem-

branes [7]. In primary cultures of rat cerebral astrocytes,

a fraction of CKB was found at the plasma membrane in a

complex with the cytoplasmic domain of the thrombin receptor

(PAR1) [8]. CKBactivitywas found to be essential in regenerating

the ATP needed during the morphological change of stellate

astrocytes that is triggered by thrombin activation of PAR1 [8].

In agreement, our studies of primary cell cultures from rat brain

have shown that CKB mRNA levels in neonatal cerebral
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CKB transcription in tissues other than brain, revealed that

MEF-2 in cerebellum was low at week 1 but increased 3.5-fold by

week 7, while Sp1 remained unchanged. The increase in CKB

protein during cerebellar postnatal development was coincident

with that of the ubiquitous mitochondrial CK protein and

mRNA, indicating that a functional phosphocreatine energy

shuttle probably exists for efficient ATP regeneration in the

cerebellum. This should be beneficial for the many energy-

demanding requirements during cerebellar development, as indi-

cated by the observed temporal co-expression of CKB with

myelin basic protein, which is involved in axon myelination by

oligodendrocytes.

Key words: brain creatine kinase, energy metabolism, glial cell,

myelin basic protein, transcription.

astrocytes and oligodendrocytes were much higher (15–17-fold)

than in embryonic neurons [9]. This is probably related to the

large energy requirements for the transport of ions [10] and

glutamate by astrocytes [11–14] and for myelin formation in

oligodendrocytes involving myelin basic protein (MBP) [12,15].

In adult rat brain, significant amounts of CKB protein are also

expressed in some neurons, principally localized in the neuronal

processes and enriched in the synaptic layers of the cerebellum

and hippocampus and in the process of cortical pyramidal cells

[1,16]. This suggests that as some neurons mature, expression of

CKB increases.

We have recently shown in adult rats that the cerebellum

contains the highest level of CKB mRNA compared with the 16

other brain regions analysed [17]. However, during postnatal

development, little is presently known of (i) the timing of CKB

mRNA and protein expression in different brain regions or (ii)

the mechanisms which regulate CKB transcription during de-

velopment and differentiation of glial and neuronal cells (e.g. the

CKB promoter elements and their cognate factors). In rat,

human and chicken, the CKB proximal promoter contains two

CCAAT boxes (at ®80 bp and ®50 bp), a TA-rich element

(TATAAATA; at ®60 bp) and a non-consensus TATA box

(TTAA; at ®28 bp) [4]. Both CCAATs and the (®60) TA-rich

element bind trans-acting (protein) factors that activate CKB

transcription which is initiated at the downstream start site (­1),

under direction from the (®28) TTAA [18,19]. The CKB (®60)

TA-rich element binds the TA-rich DNA-binding protein

(TARP) [18], which is possibly similar to the MADS box proteins

myocyte enhancer factor (MEF)-2A and -2D that are expressed
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in the brain [20,21]. Another factor, Sp1, was shown to bind two

5« upstream Sp1 elements located between ®568 bp and ®523 bp

in CKB [22]. While it is not established if these transcription

factors regulate the CKB promoter in the brain, such knowledge

would be of basic and practical importance. Elevating the

production of PCr by CK, via creatine administration, has

recently been shown to act as a neuroprotective agent for

neuronal cells by preventing ATP depletion [23] and to greatly

diminish neuronal degeneration in animal models of amyotrophic

lateral sclerosis [24], Huntington’s disease [25] and Parkinson’s

disease [26].

In this report, we investigated mRNA and protein levels of

both CK isoenzymes expressed in brain, CKB and uMi-CK,

during cerebellar postnatal development, as well as some of the

transcription factors which may be involved. Both isoenzymes

showed low abundance of mRNA and protein during the early

postnatal period, which dramatically increased thereafter and

reached a stable plateau value by postnatal week 4. The increase

in cerebellar CKB appears to be principally regulated by tran-

scription and was coincident with expression of MBP.

EXPERIMENTAL

Isolation of brain tissue and cytosolic fractions

Adult male and female Long–Evans breeder rats were obtained

from Harlan Sprague Dawley and maintained ad libitum on

pellet rat food and tap water as described in [17]. Rat pups

of both sexes were killed by decapitation. For most series of

experiments, cerebella and cerebra were removed from postnatal

day 1 to postnatal week 10. For another series, whole brain

(including the brain stem), cerebellum and cerebrum from

littermates at weeks 1 and 8 were used. Tissue was rinsed in

isotonic PBS (137 mM NaCl, 2.7 mM KCl, 9.3 mM Na
#
HPO

%
,

1.4 mM KH
#
PO

%
and 1 mM MgCl

#
) and the meninges were

carefully removed [27]. Cerebella and cerebra were weighed

separately and homogenized in a Dounce homogenizer (10

strokes with a loose pestle followed by 15 strokes with a tight

pestle) in 4 vol. of lysis buffer [100 mM Tris}HCl (pH 7.5),

0.25 M sucrose, 0.5 mM dithiothreitol and 0.2 mM PMSF].

Usually one-third of each cerebellar and cerebral whole cell

lysate was used to isolate total cellular RNA, as described below.

The remaining lysate was either (i) frozen in liquid N
#
and stored

at ®80 °C for preparation of whole cell lysates analysed in

immunoblots for CKB and uMi-CK protein or (ii) used im-

mediately to prepare a postmicrosomal (cytosolic) protein frac-

tion by centrifugation at 116000 g as described in [5]. The cytosol

as well as whole cell lysates were used to quantify CKB

immunoreactive protein by immunoblots as indicated in the

Figure legends.

Culturing primary astrocytes, oligodendrocytes and cerebellar
granular neurons (CGNs)

Single-cell cultures of mixed glial cells prepared from postnatal

day 2 cerebral hemispheres [9] were cultured for 5 days in

Dulbecco’s modified essential medium containing 10% fetal calf

serum plus biotin (10 ng}ml), insulin (50 µg}ml), tri-iodo--

thyronine (15 nM) and SeO
#

(30 nM). Oligodendrocytes were

separated from astrocytes by the shake-off procedure of Cole

and de Vellis [28] and cells were harvested for preparation of

total RNA and protein. Microscopy and cell staining indicated

that " 90% of the released cells were oligodendrocytes and

" 90% of the attached cells were astrocytes, determined as

described previously [9]. Primary single-cell cultures of CGNs

were prepared from postnatal day 8 cerebella as described by

Levi et al. [29] and cultured in poly--lysine-coated (5 µg}ml)

dishes (10 cm) in basal Eagle’s medium with Earle’s salts, free

of glutamine (Gibco) and supplemented with gentamicin

(100 µg}ml), KCl (25 mM), -glutamine (2 mM) and 10% fetal

calf serum at 37 °C in 10% CO
#
}90% air. After 24 h, cytosine

arabinoside (10 µM) was added to the medium which was

renewed every 2 days. When harvested after 5 days in culture,

more than 95% of the cells were CGNs [30].

Immunoblot analysis

Protein samples (10–30 µg as indicated in the Figure legends)

were denatured and separated by SDS}PAGE (4.5% poly-

acrylamide stacking}10% polyacrylamide resolving), as

described by Wilson et al. [31]. Proteins were electrophoretically

transferred to a nitrocellulose membrane (Amersham Bio-

sciences), which was incubated at 4 °C in blocking solution [PBS

containing 5% (w}v) non-fat milk and 0.3% (v}v) Tween 20] for

8–12 h. CKB-specific monoclonal antibody (mAb) CK-BYK}
21E10 (diluted 1:5000 in blocking buffer), which recognizes

residues 4–20 at the N-terminus of CKB [32], was incubated with

the membrane overnight at 4 °C. In separate experiments, a

rabbit polyclonal CKB-specific antibody (diluted 1:5000 in

blocking buffer), raised against amino acid residues 258–270 of

CKB [1], was used. After washing, secondary peroxidase-

conjugated anti-mouse IgG (or anti-rabbit IgG for the polyclonal

antibody; Sigma) was incubated with the membrane for 1 h at

22 °C and the membrane was washed three times with PBS plus

0.3% Tween 20 and twice with PBS. Immunoreactive bands

were visualized using the enhanced chemiluminescence (ECL)

method according to manufacturer’s instructions (Amersham

Biosciences) and the intensity of fluorescence was directly quanti-

fied with a ChemiImager TM 4000 (Alpha Innotech Corpor-

ation). To control for equal sample loading, 5 µg of cerebellar

cytosolic protein at each postnatal time point was electrophoresed

as above, stained with silver [33] and quantified by densitometric

scanning of all protein bands. Alternatively, membranes were

probed with a rabbit polyclonal antibody to actin (Sigma A2066)

as described in Figure legends.

In immunoblot analyses of uMi-CK, 15 µg of total cerebellar

lysate was used since uMi-CK is present in the mitochondrial

fraction; membranes were probed with a rabbit polyclonal

antibody specific for uMi-CK as shown by Schlattner et al. [34].

In analyses of MEF-2 proteins, positive controls for recombinant

MEF-2A and MEF-2C were generated using a coupled

transcription}translation reticulocyte lysate system (Promega)

with plasmids pCGNC4 or pCMVMEF-2C, respectively, as

described previously [35]. HeLa cell nuclear extracts served as a

source for MEF-2D [35]. In immunoblots of MBP, 30 µg of total

cerebellar lysate was used since most of the MBP is membrane-

bound [15]. A primary rabbit polyclonal anti-MBP antibody

(diluted 1:1000 in blocking buffer) was used as above followed

with a secondary peroxidase-conjugated anti-rabbit IgG and

visualized by enhanced chemiluminescence.

Isolation and quantification of total cellular RNA

Total cellular RNA was isolated from brain region lysates using

the acid guanidinium thiocyanate}phenol}chloroform procedure

[33] and stored in sterile water at ®80 °C. RNA was quantified

by absorbance at 260 nm and its integrity checked by electro-

phoresis in a 1% agarose gel after RNA denaturation in

formaldehyde}formamide [31]. Before measuring levels of CKB

mRNA by the RNase protection assay (RPA), the levels of 18 S

rRNA were determined by RPA to confirm RNA concentrations.
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Riboprobe DNA templates

The riboprobe plasmid containing the genomic rat CKB exon 7,

intron 7 and exon 8 DNA has been described elsewhere [36].

After digestion at the PmlI site in exon 7, T7 RNA polymerase

generated a 1140 nt full-length probe of which 377 nt were

protected by CKB exon 8 RNA and 122 nt were protected by

exon 7 RNA [36]. In some assays, the same plasmid was digested

at the M�nI site in intron 7 to generate a CKB antisense

riboprobe which protected the 377 nt in CKB exon 8 RNA. The

riboprobe template for 18 S rRNA was purchased from Ambion;

T7 RNA polymerase generated a 116 nt full-length probe of

which 80 nt were protected by 18 S rRNA. Plasmid containing

rat MBP exon 1 cDNA [37] was obtained from Dr F. Art

McMorris ; after digestion with EcoRI, SP6 RNA polymerase

generated a 201 nt full-length probe of which 160 nt were

protected by MBP exon 1 RNA.

Synthesis of antisense riboprobes and RPAs

Synthesis of antisense [$#P]riboprobes for CKB, uMi-CK and

MBP and the RPAs were performed as described in [9,36]. For

the 18 S rRNA riboprobe, the unlabelled GTP was increased to

80 µM to decrease probe-specific activity and help ensure probe

saturation. Unless stated otherwise in Figure legends,

hybridizations contained 4 µg of total cerebellar RNA and

4¬10& c.p.m. of antisense probe for either CKB or MBP mRNA

in 30 µl of 1¬hybridization buffer [80% formamide, 0.4 M

NaCl, 40 mM Pipes (pH 6.4) and 1 mM EDTA]. Separate

reactions contained 5 ng of total cellular RNA and 4¬10& c.p.m.

of antisense probe for 18 S rRNA or 10 µg of total RNA and

4¬10& c.p.m. of probe for uMi-CK mRNA. The level of RNase-

resistant [$#P]probe was analysed on a 6% polyacrylamide}8 M

urea gel, autoradiographed and bands were quantified by scin-

tillation counting or with a PhosphorImager-SI (Molecular

Dynamics).

To be certain that RPAs were conducted in probe excess,

titration experiments were performed. For CKB mRNA, 1–16 µg

of the rat cerebellar RNA were hybridized with 4¬10& c.p.m. of

CKB exons 7,8 probe, resulting in a linear increase in pro-

tected CKB probe with increasing RNA input (R#" 0.99). For

18 S rRNA, 0.5–200 ng of cerebellar RNA were hybridized with

4¬10& c.p.m. of 18 S probe and the amount of protected 18 S

probe increased linearly with the input RNA (R#" 0.99).

Nuclear run-on assay

Rat cerebellar nuclei were prepared as described in [4],

resuspended in 200 µl of storage buffer [50 mM Tris}HCl

(pH 8.3), 5 mM MgCl
#
, 0.1 mM dithiothreitol and 40% (v}v)

glycerol] and stored in liquid N
#
. The number of nuclei was

determined both by counting in a haemocytometer and deter-

mining, in an aliquot of nuclei, the amount of DNA present

using the fluorometric assay of Barres et al. [38] with Hoechst dye

33258 and dividing by 6.6 pg of DNA}rat cell [39]. To isolate

1¬10) nuclei from cerebella at day 1 required 50 brains (5 litters)

and at week 6 required 2–3 brains. Nuclear run-on assays were

performed with 1¬10) nuclei as described by Mukherjee and

Molloy [40]. Typically, (20–30)¬10' c.p.m. of RNA were ob-

tained from nuclei at day 1 and week 6 and the total yield of

[$#P]RNA from day 1 and week 6 was used for hybridization to

a nylon membrane (Amersham Biosciences) containing 10 µg of

cDNA to either CKB, glyceraldehyde phosphate dehydrogenase

(GAPDH), actin, MBP or superior cervical ganglion gene 10

(SCG 10) and an 80 bp fragment of 18 S rRNA as described in

[40]. The relative intensity of the hybridized bands was quantified

by the PhosphorImager-SI. The level of [$#P]CKB transcripts at

day 1 was compared directly to that at week 6 without normal-

izing to transcripts from the other cDNAs, in the event that the

latter might vary during postnatal development.

Preparation of nuclear extracts and electrophoretic mobility-shift
assays (EMSAs)

Nuclei from cerebella and cerebra were isolated [4] from which

nuclear extracts were prepared according to Zhao et al. [41].

EMSAs were carried out by preincubating 15 µg of nuclear

extract with 1.0 µg of poly(dI-dC) in binding buffer [8.5 mM

Hepes (pH 7.9), 30 mM KCl, 1.5 mM MgCl
#
, 0.4 mM dithio-

threitol, 0.3 mM PMSF and 4% Ficoll 400] and, where indicated,

a 100-fold molar excess of unlabelled Sp1 probe for 10 min at

4 °C. $#P-Labelled Sp1 probe (5¬10% c.p.m. and 2.5 ng;

5«-TCGATCGGGGCGGGGCGAG-3« ; Santa Cruz Biotech-

nology catalogue no. sc 2502) was added and incubation

continued for 30 min at 22 °C in a final volume of 20 µl. The

reaction was loaded on to a 5% polyacrylamide gel (40:1,

acrylamide}bis-acrylamide) in 0.5¬Tris}borate}EDTA buffer

[45 mM Tris}borate (pH 8.0) and 1 mM EDTA], electrophoresed

at 200 V for 4 h, dried and exposed to a PhosphorImager screen.

Data analysis

Each postnatal experiment was repeated at least three times, each

time with cerebella and cerebra isolated at postnatal day 1 to

week 10 from rats of the same litter. All results are expressed as

means³S.E.M. Data were analysed using STATMOST software

initially for ANOVA and, where appropriate, followed by

Student–Newman–Keul analysis. Differences were set to be

significant only for P! 0.05.

RESULTS

Expression of CKB protein increases in rat cerebellum during
postnatal development

Cerebella were isolated at postnatal day 1 and at weekly intervals

thereafter during the first 10 weeks of development. The cytosolic

protein fraction was analysed by immunoblot analysis (Figure

1A) with a mAb shown to specifically recognize the N-terminus

of CKB [32]. Quantification of the CKB protein (Figure 1B)

showed extremely low levels at day 1 that increased during weeks

1–3 and attained a maximal value at week 4, which remained

constant until week 10 (ANOVA; P! 0.05). Further analyses

showed that CKB protein levels at week 4 (and thereafter) were

10-fold higher than at day 1 (Student–Newman–Keul’s test ;

P! 0.01). CKB levels were expressed per µg of protein analysed.

To ensure equal loading, the protein profile was obtained by

silver staining the gel (Figure 1C); densitometric scanning showed

the summation of absorbance of all protein bands did not vary

by more than 10% between samples. A similar pattern of CKB

protein expression during cerebellar development was observed

in immunoblots using a polyclonal antibody raised against amino

acid residues 258–270 in CKB [1] (results not shown). This

essentially eliminated the possibility that CKB protein modi-

fications diminished reactivity of the mAb.

CKB mRNA accumulates in rat cerebellum during postnatal
development

From the same cerebella analysed by immunoblots, total cellular

RNA was isolated and CKB mRNA was analysed by RPA using

the rat CKB exon 7,8 probe (Figure 2A). This probe protects all
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Figure 1 CKB immunoreactive protein levels in rat cerebella during
postnatal development

(A) Immunoblot analysis for CKB protein during postnatal cerebellar development. Cytosolic

protein (10 µg) were electrophoresed in each lane and analysed for CKB protein with an anti-

CKB mouse mAb recognizing amino acid residues 4–20 in CKB. Lanes 1–11 are samples from

day 1 to week 10. The position of the 47 kDa CKB band is indicated. (B) Histogram showing

CKB protein levels during cerebellar postnatal development ; all values were normalized to that

at week 10 (which was set at 1) and are expressed as the mean³S.E.M. (n ¯ 3). (C) Cytosolic

protein (5 µg) was electrophoresed and stained with silver. Lanes correspond to lanes 1–11

in (A).

377 nt of exon 8 and 122 nt of exon 7 in the completely spliced

CKB mRNA [36]. The level of CKB mRNA at each time was

divided by the amount of 18 S rRNA, which was quantified in

the same sample (Figure 2B), since recent reports indicate that

rRNA varies less than other internal RNA controls tested (e.g.

GAPDH, actin) [42]. Cerebellar CKB mRNA was extremely low

at day 1, increased from week 1 to week 3 and reached a plateau

level which remained constant from week 3 to week 10 (Figure

2C; ANOVA; P! 0.01). Further analyses showed CKB mRNA

levels at week 3 (and thereafter) were 5-fold higher than at day

1 (Student–Neuman–Keul’s test ; P! 0.01). The maximal levels

of CKB mRNA in the postnatal cerebellum (i.e. at week 3 and

thereafter) were twice as high as in cerebrum at week 6 (Figure

2A, lane 14). This agrees with our previous quantification of

CKB mRNA in 17 different brain regions of the adult rat

[17]. CKB mRNA in cultured primary cerebral astrocytes (Figure

2A, lane 12) had similar levels as cerebrum at week 6. As a

negative control, CKB mRNA was essentially undetectable in

Figure 2 CKB mRNA levels in rat cerebellum during postnatal development

(A) Total cerebellar RNA (4 µg) was hybridized with the [32P]CKB exon 7,8 antisense riboprobe

in the RPA. Lanes 1–11 are samples from day 1 to week 10. Lanes 12 and 14 are positive

controls from primary astrocytes and week 6 cerebrum, respectively. Lane 13 is a negative

control RNA sample from RT4-B8 rat neuroblastoma. The marker lane is the molecular-mass

marker pBR322/MspI. The positions of the RNase-protected CKB exon 8 (377 nt) and the exon

7 (122 nt) are indicated. (B) The level of 18 S rRNA was measured by RPA in a 5 ng aliquot

of the cerebellar RNAs ; lanes 1–11 correspond to lanes 1–11 in (A). (C) The level of CKB

mRNA in each sample was adjusted for the amount of 18 S rRNA present, then normalized to

the CKB mRNA level at week 10 (which was set at 1) and was plotted as the mean³S.E.M.

as determined from three separate litters.

cultured rat RT4-B8 neuronal cells (Figure 2A, lane 13), as we

have previously shown [31].

Quantification with the RPA is reliable

Because the cerebellum contains the highest level of CKB mRNA

of any region in the adult rat brain [17], we verified that all

samples were measured within the linear range and below the

saturation level of the RPA. Figures 3(A) and 3(B) show that

4¬10& c.p.m. of CKB exon 7,8 probe were sufficient to give a

linear response for quantification of CKB mRNA with up to

16 µg of total cellular RNA (from week 6 cerebellum), while we

routinely assay only 4 µg of RNA. Similarly, 4¬10& c.p.m. of

antisense 18 S rRNA probe (adjusted to a 3-fold lower specific

activity) were sufficient to give a linear response for quantification
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Figure 3 Antisense probe saturation for CKB mRNA and 18 S rRNA

(A) RPA of CKB mRNA. Lanes 1 and 2 are the full-length CKB probe and the pBR322/MspI

marker, respectively. Lanes 3–7 show the hybridization of 1, 2, 4, 8 and 16 µg, respectively,

of week 5 cerebellar total cellular RNA with 4¬105 c.p.m. of [32P]CKB exon 7,8 antisense

riboprobe. (B) The RNase-protected CKB exon 8 bands (377 nt) were excised and counted by

scintillation and analysed by linear regression using the Microsoft Excel program. (C) RPA of

18 S rRNA. Lanes 1 and 2 are the full-length probe for 18 S and the pBR322/MspI marker,

respectively. In lanes 3–8, RNA (5 ng) from week 5 cerebellum was hybridized with 5¬103,

1¬104, 5¬104, 1¬105, 2¬105 and 4¬105 c.p.m. of probe, respectively. In lanes 9–13,

4¬105 c.p.m. of 18 S probe were hybridized with 0.5, 5, 50, 100 and 200 ng of RNA,

respectively. (D) The protected 18 S rRNA bands (80 nt) were excised and counted by

scintillation and analysed by linear regression with Microsoft Excel.

of 18 S rRNA present in as much as 200 ng of total cellular RNA

(Figure 3C, lanes 9–13, and Figure 3D), while we routinely

assayed only 5 ng of RNA.

Figure 4 Nuclear run-on assay of CKB transcription from cerebellar nuclei
isolated at either postnatal day 1 or week 6

A total of 1¬108 cerebellar nuclei isolated at day 1 or week 6 were used. Column 1 : the

positions of the six different cDNAs and vector pUC 19 bound to the filters are indicated.

Typically, (20–30)¬106 c.p.m. of total nascent [32P]RNA was generated by the day 1 and week

6 nuclei, all of which was hybridized to the filter. Column 2 : nascent 32P-labelled specific RNAs

transcribed in nuclei isolated from day 1 cerebella. Column 3 : nascent [32P]RNAs transcribed

in nuclei isolated from week 6 cerebella.

CKB mRNA accumulation in rat cerebellar nuclei is due to
transcriptional regulation

To determine whether the increase in CKB mRNA during

postnatal cerebellar development is due to elevated transcription,

a nuclear run-on assay was used to directly measure the tran-

scription of nascent CKB mRNA. An equal number (1¬10)) of

nuclei were isolated from rat cerebella at day 1 and week 6 and

the incorporation of [$#P-α]GTP into nascent CKB mRNA

transcripts was subsequently determined by filter hybridization.

Transcription of nascent CKB mRNA in day 1 cerebella (Figure

4, column 2) was much lower than in week 6 cerebella (Figure 4,

column 3). As internal controls, nascent transcripts from the

‘housekeeping’ genes of actin and GAPDH as well as 18 S

rRNA were present at essentially equal levels in day 1 and week

6 cerebella. It should be noted that while the signal of hybridized

18 S rRNA might appear lower than expected, this was because

the cDNA probe contained only 80 bp of 18 S rDNA. The empty

cloning vector pUC19 served as a negative control and showed

that non-specific hybridization to the filter was extremely low.

Furthermore, we measured the nascent transcripts of the
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Figure 5 Comparison of CKB mRNA levels in the cerebellum relative to
CKB in whole brain at postnatal week 1 and week 8

(A) Lanes 1 and 2 are the full-length CKB exon 8 probe and the pBR322/MspI marker,

respectively. All samples contained 3 µg of total cellular RNA hybridized to 4¬105 c.p.m. of

CKB exon 8 probe. Lanes 3 and 4 contain RNA from cerebellum or whole brain, respectively,

isolated at week 1. Lanes 5 and 6 contain RNA from cerebellum or whole brain, respectively, iso-

lated at week 8. Lane 7 contains RNA from cultured primary astrocytes. The position of the

protected CKB exon 8 band is indicated. (B) The level of 18 S rRNA was measured by RPA

in a 5 ng aliquot of these RNAs ; lanes 3–7 correspond to the same lanes in (A).

oligodendrocyte-specific gene MBP and the neuron-specific gene

SCG 10 during cerebellar development. Both were increased at

week 6 relative to day 1 (rows 6 and 7) as expected.

CKB mRNA accumulation in cerebellum is delayed relative to the
cerebrum and the whole brain

The increase of CKB mRNA in the cerebella from the low levels

seen at postnatal day 1 (Figure 2) was unexpected, since in whole

rat brain samples the CKB mRNA levels at day 1 and week 1

were previously reported to be very similar and only slightly

lower than in the adult at week 8 [43]. Together these findings

suggested that CKB mRNA production in cerebellum is delayed

as compared with other brain regions. Therefore, we directly

compared CKB mRNA levels in total cellular RNA from

cerebellum and whole brain (Figure 5A). All samples were also

analysed for 18 S rRNA to ascertain that they contained the

same amount of RNA (Figure 5B). The amount of CKB mRNA

in the cerebellum as compared with whole brain was much lower

at week 1 (Figure 5A, lanes 3 and 4), while it was an average of

3.5-fold higher at week 8 (Figure 5A, lanes 5 and 6). In other

words, during the first 8 weeks of postnatal development the

amount of CKB mRNA increased 5-fold in cerebellum but only

by 40% in whole brain. Since the cerebrum constitutes the

largest brain region, expression of CKB mRNA in the cerebrum

may significantly determine the mRNA pattern seen in whole

Figure 6 CKB mRNA levels in rat cerebra during postnatal development

(A) Total cerebral RNA (3 µg) was assayed for CKB mRNA using the rat CKB exon 8 antisense

probe in the RPA at the indicated postnatal times (lanes 1–11). Lane 12 contains RNA (3 µg)

from cultured primary astrocytes as a positive control. The full-length probe and the

pBR322/MspI marker are indicated to the left. (B) The level of 18 S rRNA was measured by

RPA in a 5 ng aliquot of these RNAs ; lanes 1–12 correspond to lanes 1–12 in (A). (C)

Histogram showing CKB mRNA levels during postnatal development. The level of CKB mRNA

in each sample was adjusted for the amount of 18 S rRNA present, then normalized to the CKB

mRNA level at week 10 (which was set at 1) and plotted as the mean³S.E.M. as determined

from three separate litters. There was no significant difference in CKB mRNA levels during

postnatal cerebral development (ANOVA ; P ¯ 0.48).

brain (Figure 5A). To test this, total cellular RNA was isolated

from the cerebra of the same rats analysed in Figures 1 and 2 and

the level of CKB mRNA was measured using the exon 8 probe

(Figure 6A). RNA from cultured primary astrocytes served as a

positive control (Figure 6A, lane 12). Figure 6(B) shows that an

equal amount of RNA taken from these different samples

contained similar levels of 18 S rRNA. When expressed per µg of

total cellular RNA assayed or normalized to the amount of 18 S

rRNA present, cerebral CKB mRNA levels at the early postnatal

period (day 1, week 1 and week 2) were not statistically different

from week 3 to week 10 when analysed by ANOVA (P¯ 0.48;

Figure 6C). Taken together, the accumulation (and probably the

transcription) of CKB mRNA during postnatal development is

delayed in the cerebellum relative to the cerebrum and the whole

brain.

CKB and uMi-CK accumulate coincidently during cerebellar
development

Total cerebellar lysates, rather than cytosolic fractions, were

prepared during postnatal development to allow immuno-

detection of both CK isoenzymes expressed in brain, CKB and
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Figure 7 CKB and uMi-CK immunoreactive protein levels in total rat cerebellar lysates during postnatal development

(A) Immunoblot analysis for CKB protein in postnatal cerebellar samples and CGNs. Total protein (10 µg) was electrophoresed and analysed for CKB protein with the anti-CKB mAb. Lanes 1–5

contain days 3 and 10 and weeks 3, 7 and 11, respectively. All values were normalized to that at week 7 (which was set at 1) and are expressed as the mean³S.E.M. (n ¯ 3). Lanes 6 and

7 are from primary cultured CGNs and astrocytes, respectively. (B) Immunoblot analysis for actin protein in postnatal cerebellar samples. Protein (15 µg) was electrophoresed and analysed with

a rabbit polyclonal anti-actin antibody ; lanes 1–7 correspond to the same lanes in (A). (C) Immunoblot analysis for uMi-CK protein during postnatal cerebellar development. Total cerebellar lysate

protein (20 µg) was electrophoresed and analysed with a rabbit polyclonal antibody that recognizes uMi-CK but not CKB. Lanes 1–5 contain days 3 and 10 and weeks 3, 7 and 11, respectively.

All values were normalized to week 7 (set at 1) and are expressed as the mean³S.E.M. (n ¯ 3). Lane 6 contains 15 µg of week 6 cerebellum postmitochondrial, cytoplasmic protein as a negative

control. Lane 7 has 15 µg of protein from a mitochondrial-enriched fraction of week 6 cerebellum. Lane 8 has 15 µg of total protein from week 6 cerebellum. Lanes 9 and 10 have 1 and 3 µg

of recombinant CKB protein. Lane 11 has 15 µg of week 7 cerebral postmitochondrial, cytoplasmic protein as a negative control. Results shown in A–C are representative of three separate

experiments. (D) Total cerebellar RNA (10 µg), from the same samples analysed in Figure 2, was hybridized with the [32P]uMi-CK riboprobe in the RPA. Lanes 1–11 are samples from day 1

to week 10. Lane 12 is a positive control from week 5 cerebrum. Lanes 13–15 are negative controls from RT-4 B8 neuroblastoma, adult rat liver and adult rat skeletal muscle, respectively.

uMi-CK, in the same lysate. With the CKB mAb used in Figure

1, which does not react with uMi-CK [32], CKB was barely

detectable at day 3 but increased during the first 3 postnatal

weeks to reach a maximal level at week 7, which decreased

slightly (20%) by week 11 (Figure 7A). CKB protein levels at

week 7 were 12-fold higher than at day 3 (Figure 7A), consistent

with Figure 1.

For immunoblot analyses of uMi-CK, we used a polyclonal

antibody [34] shown to react with uMi-CK in total lysates and

mitochondrial fractions (Figure 7C, lanes 7 and 8), but with
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neither CKB from post-mitochondrial or cytoplasmic extracts

(Figure 7C, lanes 6 and 11) nor pure recombinant CKB (Figure

7C, lanes 9 and 10). Similar control results were reported by

Schlattner et al. [34]. In immunoblots, uMi-CK was barely

detectable at day 3, increased at day 10 and reached a maximal

level at week 7. The histogram in Figure 7(C) shows that uMi-

CK protein levels at week 7 were 16.5-fold higher than at day 3.

Actin protein levels in these samples were essentially constant,

except for a reproducible small decrease at week 11 (Figure 7B).

Since uMi-CK protein increased dramatically from day 3 to

week 7, we used the RPA to measure the levels of uMi-CK

mRNA during postnatal development in the same RNA samples

shown in Figure 2. uMi-CK mRNA was extremely low at day 1

and week 1, increased during weeks 2–4 and reached a plateau

value at week 5 that remained constant until week 10 (Figure

7D). The plateau value was 2.6³0.5-fold (n¯ 3) greater than

that at day 1. The levels of 18 S rRNA in these samples are shown

in Figure 2(B) and did not differ by more than 10%.

Cultured primary CGNs contain high amounts of CKB

High amounts of CKB were detected in cultured CGNs (Figure

7A, lane 6), which exceeded those of cultured primary astrocytes

(Figure 7A, lane 7). This is consistent with a role for CKB in

CGNs. The level of CKB in CGNs may even be a low estimate,

since the cell culture procedure for CGNs required preparation

from postnatal day 8 cerebella, while expression of CKB may

increase until week 3 or thereafter (see Figure 2).

Abundance of transcription factors MEF-2A and -2D increases
coincidently with CKB in cerebellum, but not in cerebrum

Factor MEF-2 has been suggested to increase transcription of

CKB mRNA [18,19]. We determined the amount of MEF-2 by

immunoblot of nuclear extracts prepared from cerebella and

cerebra at postnatal week 1 and week 7. The location on the blots

of recombinant MEF-2C and -2A generated by in �itro

transcription}translation is indicated in Figure 8(A), lane 1;

MEF-2C migrated faster than MEF-2A (see Experimental and

[35]). Nuclear extracts of HeLa cells contained a low level of

MEF-2C but higher levels of MEF-2A and MEF-2D (Figure 8A,

lane 2) ; as expected, MEF-2D had the slowest migration [35]. In

cerebellum, only low levels ofMEF-2A and -2Dand no detectable

MEF-2C were found at week 1. However, at week 7, MEF-2A

and -2D increased 3.5³0.5-fold (n¯ 3), while MEF-2C was still

not detectable (Figure 8A, lane 6). Interestingly, in the cerebrum

at week 1 and week 7, MEF-2 was too low to be detected (Figure

8A, lanes 3 and 5). This is consistent with the immuno-

Figure 8 MEF2 immunoreactive protein levels in nuclear extracts from rat
cerebella and cerebra at postnatal weeks 1 and 7

(A) Immunoblot analysis for MEF2 protein in cerebellar and cerebral nuclear extracts. In lanes

2–6, 15 µg of nuclear extract protein were electrophoresed and analysed for MEF2 protein with

a rabbit polyclonal anti-MEF2 antibody. Lane 1 contains positive control MEF-2A and MEF-2C

protein samples generated using a coupled transcription/translation reticulocyte lysate system.

Lane 2 is a HeLa nuclear extract known to contain MEF-2A, -2C and -2D. Lanes 3 and 4 are

week 1 nuclear extracts from cerebrum and cerebellum, and lanes 5 and 6 are week 7 nuclear

extracts from cerebrum and cerebellum, respectively. (B) Immunoblot analysis for actin protein

in week 1 and 7 cerebellar and cerebral nuclear extract samples. Protein (15 µg) was

electrophoresed in each lane and analysed with a rabbit polyclonal anti-actin antibody. Lanes

1–5 correspond to lanes 2–6 in (A). (C) EMSA of week 1 and 7 cerebral and cerebellar nuclear

extracts incubated with a [32P]oligonucleotide probe containing the consensus binding

sequence for factor Sp1, in either the absence (odd-numbered lanes) or presence (even-

numbered lanes) of 100-fold excess of the unlabelled Sp1 probe.
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Figure 9 Expression of MBP mRNA and protein during rat cerebellar postnatal development

(A) RPA for MBP mRNA during cerebellar postnatal development. RNA (3 µg) from the same cerebellar samples used to measure CKB mRNA in Figure 2 were used to measure MBP mRNA.

The location of the 160 nt RNase-protected probe for MBP exon 1 is indicated. Lanes 1–11 are samples from day 1 to week 10. Lane 12 is a negative control from primary astrocytes and lane

13 is a positive control from primary oligodendrocytes differentiated in vitro for 6 days as described in the Experimental section. The probe lane shows the full-length MBP exon 1 probe. (B)

Immunoblot analysis for MBP protein during cerebellar postnatal development. Whole cerebellar lysates (20 µg) were electrophoresed in each lane and analysed for MBP with a rabbit anti-rat

MBP polyclonal antibody. The four subtypes of MBP (21.5, 18.5, 17.0 and 14.0 kDa) are present ; the two middle bands of 18.5 and 17.0 kDa migrated together (big arrow).

histochemistry results of Lin et al. [20] who showed MEF-2D

and MEF-2A were abundant in postnatal cerebellum but much

lower in cerebrum. Since Figure 6 showed that in the cerebrum

CKB mRNA levels are unchanged at weeks 1 and 7 (and were

approx. 50% of the value in week 7 cerebellum), factors other

than MEF-2 may activate CKB transcription in the cerebrum.

Immunoblot control experiments showed that all the nuclear

extracts contained equivalent levels of actin protein (Figure 8B).

The rat CKB 5« upstream region has two elements located within

®568 bp and ®523 bp which bind another regulatory factor,

Sp1 [22]. EMSAs showed that cerebellar and cerebral extracts at

week 1 and week 7 contained equal amounts of Sp1 (Figure 8C,

lanes 1, 3, 5 and 7) ; a 100-fold excess of unlabelled Sp1 probe

completely eliminated all shifted bands (Figure 8C, lanes 2, 4, 6

and 8). Thus for CKB transcription in cerebellum and cerebrum,

Sp1 by itself may not be a sufficient upstream factor but might

contribute by co-operating with other factors.

MBP and CKB expression in rat cerebellum correlate during
postnatal development

Manos et al. [5] have shown that CKB enzyme activity

accumulates in oligodendrocytes during 3 weeks of in �itro

culture and might function in the regeneration of ATP consumed

during myelination, a very energy-demanding process [12,13].

Therefore, we compared the timing of expression of MBP mRNA

and protein, relative to CKB, in the same postnatal cerebellar

samples analysed in Figures 1 and 2. Figure 9(A) shows that

MBP mRNA was essentially undetectable at day 1 and week 1,

dramatically increased at week 2 and attained a maximal level at

week 3, which decreased slightly by weeks 9 and 10. As expected,

the negative control sample of astrocyte RNA (Figure 9A, lane

12) did not contain MBP mRNA and the positive control sample

of RNA from oligodendrocytes differentiated in �itro contained

a high level of MBP mRNA (Figure 9A, lane 13). Expression of
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MBP followed behind MBP mRNA, although it was somewhat

delayed, and reached a maximal level at week 4 (Figure 9B),

which corresponds to the period of abundant myelination in rat

brain [5]. Therefore, there is a coincidence in the timing of

maximal expression of MBP and CKB protein in the cerebella

which may be a further indication for a role of CKB in

myelination. The delay in maximal expression of MBP relative to

MBP mRNA is probably due to the transport of newly processed,

cytoplasmic MBP mRNA to the peripheral, myelinating plasma

membrane of the oligodendrocyte, which occurs prior to trans-

lation [44].

DISCUSSION

This study shows that the accumulation of CKB mRNA and

protein during postnatal development of rat brain cerebellum is

regulated principally, if not exclusively, at the level of CKB

transcription. First, the steady-state level of CKB mRNA and

CKB protein increased coincidentally during postnatal devel-

opment. Second, nuclear run-on assays that directly measure the

transcription of nascent CKB mRNA in nuclei from cerebella

showed an increase of CKB transcription from day 1 to week 6

in cerebella. Nascent transcripts from the housekeeping genes of

actin and GAPDH as well as 18 S rRNA were present at equal

levels in day 1 and week 6 cerebella. Furthermore, we have

shown that the timing of CKB mRNA production during

postnatal development was delayed in the cerebellum compared

with the cerebrum and with whole rat brain. In cerebrum and

whole brain, CKB mRNA levels were already high at postnatal

day 1 and, thereafter, did not increase significantly during

development. The delayed expression of CKB in the cerebellum

correlates with the late maturation of the cerebellum in rodents,

(e.g. all interneurons of the cerebellar cortex, except in Golgi

cells, are produced postnatally [45]) and that co-ordination of

cerebellar-controlled movement occurs late after birth [46].

Indeed, the most dramatic increases in cerebellar size and

complexity have been shown to occur after postnatal day 10 [47]

with weeks 2–3 signalling the maturation of CGNs and Purkinje

neurons [20,48], which have been shown by immuno-

histochemistry in adult rat brain to contain relatively large

amounts of CKB protein [16]. By the end of week 3, the volume

of the cerebellum has been shown to increase over 1000-fold [47].

Since we showed that the time course of mRNA and protein

accumulation of both CK isoenzymes expressed in brain, CKB

and uMi-CK, correlated during cerebellar postnatal develop-

ment, it appears that a functional PCr}CK shuttle exists for

energy buffering and transport in the cerebellum [2,16]. As

discussed below, previous studies have described some energy-

demanding events in neuronal and glial cells in the brain that

begin during early postnatal development and which may either

require or be accelerated by CKB. By immunohistochemistry

CKB protein was detected in Golgi type I neurons in the

cerebellum, red nucleus, pons and hippocampus in adult rat

brain where it was concentrated in the neuronal processes in

synaptic regions (e.g. the molecular layers of the cerebellar cortex

and in the hippocampus) [1,16,49]. This location suggests a role

for CKB in the regeneration of ATP to support events in

synaptic transmission (e.g. protein phosphorylation, transport of

ions and glutamate). The high level of CKB protein we have

observed in cultured primary CGNs and the localization of some

CKB in rat brain synaptic membranes probably coupled to

Na+}K+ ATPase [6] are consistent with a role for CKB in synaptic

transmission. Regarding synapses, recent reports indicate that

astrocytes are required for synapse formation and maintenance

and synaptic efficiency [14,50]. Astrocyte processes ensheathe

synapses and take up ions and glutamate released into the

synaptic cleft as a result of neuronal activity [11,14,50].

The energy requirements of this uptake may also explain the

abundant levels of CKB mRNA and protein in astrocytes seen in

this study (Figures 2 and 5–7) and previously [5,9]. Glutamate

released into the synapse is taken up by astrocytes along

with Na+ ions ; to re-establish the Na+ gradient, astrocytes

activate Na+}K+ ATPase which consumes ATP [11]. In addition,

astrocytes take up extracellular K+ discharged by depolarizing

neurons by steps involving Na+}K+ ATPase [10]. Therefore, by

coupling CKB protein to Na+}K+ ATPase, astrocytes can

optimize the regeneration of ATP in the transport of ions and

glutamate. Interestingly, glutamate uptake may also contribute

to ATP production since glutamate has been shown to increase

glucose uptake and glycolysis in cultured astrocytes [11]. Any

additional ATP needed for ion transport could be generated by

the increased glycogenolysis shown to be activated in cultured

astrocytes by extracellular K+ and a number of neurotransmitters

[51].

A separate study of the ontogeny of CKB expression in rodent

brain by Holtzman et al. [52], using non-invasive $"P-NMR

spectroscopy, showed that postnatal weeks 2 and 3 display the

largest increase in CK-catalysed reaction rates which also

coincided with an increase in glycolysis and tissue respiration in

the brain. During this period, there was an increase in the

concentration of PCr and the flux of phosphate from PCr into

ATP. Holtzman et al. [52] suggested that the coincident increase

in CKB activity and brain energy metabolism represents a

mechanism for coupling energy production (ATP) and energy

storage (PCr) to sudden changes in cellular energy requirements.

Indeed, Walliman et al. [2] have proposed that the CK energy

shuttle facilitates both (i) increased ATP synthesis by removing

ATP from the mitochondria via uMi-CK, thus shifting the

equilibrium towards further synthesis and (ii) an increase in

efficiency of ATP utilization due to CKB-mediated regeneration

of ATP at discrete cytoplasmic sites of high energy consumption.

Our results in Figure 7 showing a coincident increase during

cerebellar postnatal development in the CKB and uMi-CK

proteins support the concept of a CK shuttle in the cerebellum.

Future in situ immunohistochemistry experiments will be required

to establish that CKB and uMi-CK proteins are co-expressed in

the same cells.

Some of the increase in CKB during cerebellar postnatal

developmentmay also reflectCKBexpressed in oligodendrocytes.

MBP protein was essentially undetectable until week 3 but

increased thereafter to a maximal value at weeks 4 and 5. This

corresponded to the period of active myelination in rat brain, a

process known to be energy demanding [12,13], as well as the

period of maximal CKB protein expression and thus may suggest

a role for CKB in myelination of axons by oligondendrocytes [5].

This is supported by our separate study, which has shown that

expression of CKB mRNA and protein increased significantly

when cultured cerebral A2B5+}O4− oligodendrocyte progenitor

cells differentiated in �itro into MBP+ oligodendrocytes (W.

Shen, D. Willis and G. R. Molloy, unpublished work). However,

thus far we have not examined this in the cerebellum. These

results are consistent with the studies of Manos et al. [5] who

observed that primary oligodendrocytes prepared from postnatal

day 2 cerebra and cultured for 3 weeks contained levels of CKB

enzyme activity that were 4-fold greater than in co-cultured

astrocytes and in embryonic cerebral neurons; however, the

levels of CKB immunoreactive protein and mRNA were not

measured.

Little is known of the CKB promoter elements and their

cognate factors which regulate CKB transcription during brain
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development. The CKB proximal promoter of human, chicken

and rat contains two CCAAT boxes and a TA-rich element that

are binding sites for trans-acting transcription factors. The TA-

rich element binds the TARP protein [18], which is probably

similar to the MADS box proteins MEF-2A and -2D expressed

in the brain [20,21], while two other 5« upstream elements bind

factor Sp1 [22]. We have previously shown that the TA-rich

MEF-2 element can bind a MEF-2-like factor present in whole

rat brain and HeLa cells [18] and was an important cis element

activating transcription of the CKB gene transfected into HeLa

cells [19]. The present report shows that the levels of transcription

factors MEF-2A and -2D increased coincidently with tran-

scription of CKB mRNA during postnatal development in

cerebellum, but not in cerebrum. Therefore, in the cerebellum,

MEF-2A}-2D may be important for increasing transcription

initiation of CKB. By contrast, the constant level of factor Sp1

suggests that its function for CKB transcription might depend on

its co-operation with other factors (e.g. MEF-2A}-2D bound at

®60 bp) whose concentrations increase during cerebellar de-

velopment. Further analysis of the CKB promotor (e.g. in

transgenic experiments) will identify cis elements and tran-

scription factors involved in CKB expression in different brain

regions and cell types. Recently, additional novel CKB regulatory

elements have been reported in exon 1 [53,54] and the 5« upstream

promoter [55]. The mechanisms by which CKB transcription is

activated in different brain regions or cell types are of great

interest and practical importance in the future, since creatine

administration has been shown to elevate production of PCr by

uMi-CK and to prevent ATP depletion [23] and to greatly

diminish neuronal degeneration in models studying amyotrophic

lateral sclerosis [24], Huntington’s disease [25] and Parkinson’s

disease [26]. The cerebellum during postnatal development

provides a useful physiological system for future investigations

since CKB transcription is initially low and increases significantly

during development.

This research was initiated with a grant from the American Heart Association (grant
9951419U to G.R.M.) and the Swiss National Science Foundation (grant 31-
62024.00 to T.W. and U.S.). We thank Dr F. Art McMorris of the Wistar Institute
(Philadelphia, PA, U.S.A.) for advice in preparing primary astrocyte and
oligodendrocyte cultures, for providing plasmid containing the MBP exon 1 cDNA,
antibody to MBP and helpful discussions and encouragement. We thank Dr Be
Wieringa (University of Nijmegen, Nijmegen, The Netherlands) for monoclonal
antibody CK-BYK/21E10 to CKB and Dr Mark Payne (Wake Forest University,
Winston-Salem, NC, U.S.A.) for polyclonal anti-CKB antibody. We are grateful to Dr
Franca Cambi (Jefferson University Medical School, Philadelphia, PA, U.S.A.) for
helpful discussions and Margie Barret for help in preparing the figures.

REFERENCES

1 Friedman, D. L. and Roberts, R. (1994) Compartmentation of brain-type creatine

kinase and ubiquitous mitochondrial creatine kinase in neurons : evidence for a

creatine phosphate energy shuttle in adult rat brain. J. Comp. Neurol. 343, 500–511

2 Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K. and Eppenberger, H. M. (1992)

Intracellular compartmentation, structure and function of creatine kinase isoenzymes

in tissues with high and fluctuating energy demands : the ‘ phosphocreatine circuit ’

for cellular energy homeostasis. Biochem. J. 281, 21–40

3 Urdal, P., Urdal, K. and Stromme, J. H. (1983) Cytoplasmic creatine kinase

isoenzymes quantitated in tissue specimens obtained at surgery. Clin. Chem. 29,
310–313

4 Mitchell, M. T. and Benfield, P. A. (1990) Two different RNA polymerase II initiation

complexes can assemble on the rat brain creatine kinase promoter. J. Biol. Chem.

265, 8259–8267

5 Manos, P., Bryan, G. K. and Edmond, J. (1991) Creatine kinase activity in postnatal

rat brain development and in cultured neurons, astrocytes, and oligodendrocytes.

J. Neurochem. 56, 2101–2107

6 Lim, L., Hall, C., Leung, T., Mahadevan, L. and Whatley, S. (1983) Neurone-specific

enolase and creatine phosphokinase are protein components of rat brain synaptic

plasma membranes. J. Neurochem. 41, 1177–1182

7 Wallimann, T., Walzthony, D., Wegmann, G., Moser, H., Eppenberger, H. M. and

Barrantes, F. J. (1985) Subcellular localization of creatine kinase in Torpedo

electrocytes : association with acetylcholine receptor-rich membranes. J. Cell. Biol.

100, 1063–1072

8 Mahajan, V. B., Pai, K. S., Lau, A. and Cunningham, D. D. (2000) Creatine kinase, an

ATP-generating enzyme, is required for thrombin receptor signaling to the

cytoskeleton. Proc. Natl. Acad. Sci. U.S.A. 97, 12062–12067

9 Molloy, G. R., Wilson, C. D., Benfield, P., de Vellis, J. and Kumar, S. (1992) Rat

brain creatine kinase messenger RNA levels are high in primary cultures of brain

astrocytes and oligodendrocytes and low in neurons. J. Neurochem. 59, 1925–1932

10 Trachtenberg, M. C. and Pollen, D. A. (1970) Neuroglia : biophysical properties and

physiologic function. Science 167, 1248–1252

11 Magistretti, P. J., Pellerin, L., Rothman, D. L. and Shulman, R. G. (1999) Energy on

demand. Science 283, 496–497

12 Morell, P., Quarles, R. H. and Newton, W. T. (1994) Myelin formation, structure and

and biochemistry. In Basic Neurochemistry : Molecular, Cellular and Medical Aspects,

5th edn (Siegel, G., Agranoff, B., Albers, R. W. and Molinoff, P., eds.), pp. 117–143,

Raven Press, New York

13 Pfeiffer, S. E., Warrington, A. E. and Bansal, R. (1993) The oligodendrocyte and its

many cellular processes. Trends Cell Biol. 3, 191–197

14 Oliet, S. H., Piet, R. and Poulain, D. A. (2001) Control of glutamate clearance and

synaptic efficacy by glial coverage of neurons. Science 292, 923–926

15 Colman, D. R., Kreibich, G., Frey, A. B. and Sabatini, D. D. (1982) Synthesis and

incorporation of myelin polypeptides into CNS myelin. J. Cell. Biol. 95, 598–608

16 Kaldis, P., Hemmer, W., Zanolla, E., Holtzman, D. and Wallimann, T. (1996) ‘Hot

spots ’ of creatine kinase localization in brain : cerebellum, hippocampus and choroid

plexus. Dev. Neurosci. 18, 542–554

17 Ilyin, S. E., Sonti, G., Molloy, G. and Plata-Salaman, C. R. (1996) Creatine kinase-B

mRNA levels in brain regions from male and female rats. Brain Res. Mol. Brain. Res.

41, 50–56

18 Hobson, G. M., Mitchell, M. T., Molloy, G. R., Pearson, M. L. and Benfield, P. A.

(1988) Identification of a novel TA-rich DNA binding protein that recognizes a TATA

sequence within the brain creatine kinase promoter. Nucleic Acids Res. 16,
8925–8944

19 Hobson, G. M., Molloy, G. R. and Benfield, P. A. (1990) Identification of cis-acting

regulatory elements in the promoter region of the rat brain creatine kinase gene.

Mol. Cell. Biol. 10, 6533–6543

20 Lin, X., Shah, S. and Bulleit, R. F. (1996) The expression of MEF2 genes is

implicated in CNS neuronal differentiation. Brain Res. Mol. Brain Res. 42, 307–316

21 Lyons, G. E., Micales, B. K., Schwarz, J., Martin, J. F. and Olson, E. N. (1995)

Expression of mef2 genes in the mouse central nervous system suggests a role in

neuronal maturation. J. Neurosci. 15, 5727–5738

22 Wu-Peng, X. S., Pugliese, T. E., Dickerman, H. W. and Pentecost, B. T. (1992)

Delineation of sites mediating estrogen regulation of the rat creatine kinase B gene.

Mol. Endocrinol. 6, 231–240

23 Brewer, G. J. and Wallimann, T. W. (2000) Protective effect of the energy precursor

creatine against toxicity of glutamate and β-amyloid in rat hippocampal neurons.

J. Neurochem. 74, 1968–1978

24 Klivenyi, P., Ferrante, R. J., Matthews, R. T., Bogdanov, M. B., Klein, A. M.,

Andreassen, O. A., Mueller, G., Wermer, M., Kaddurah-Daouk, R. and Beal, M. F.

(1999) Neuroprotective effects of creatine in a transgenic animal model of

amyotrophic lateral sclerosis. Nat. Med. 5, 347–350

25 Matthews, R. T., Yang, L., Jenkins, B. G., Ferrante, R. J., Rosen, B. R., Kaddurah-

Daouk, R. and Beal, M. F. (1998) Neuroprotective effects of creatine and

cyclocreatine in animal models of Huntington’s disease. J. Neurosci. 18, 156–163

26 Matthews, R. T., Ferrante, R. J., Klivenyi, P., Yang, L., Klein, A. M., Mueller, G.,

Kaddurah-Daouk, R. and Beal, M. F. (1999) Creatine and cyclocreatine attenuate

MPTP neurotoxicity. Exp. Neurol. 157, 142–149

27 Kingsbury, A. E., Gallo, V. and Balazs, R. (1989) Culture of rat cerebellar interneurons

in chemically defined medium. In A Dissection and Tissue Culture Manual of the

Nervous System (Shahar, A., de Vellis, J., Vernadakis, A. and Haber, B., eds.),

pp. 207–210, Alan R. Liss, New York

28 Cole, R. and de Vellis, J. (1989) Preparation of astrocyte and oligodendrocyte

cultures from primary rat glail cultures. In A Dissection and Tissue Culture Manual of

the Nervous System (Shahar, A., de Vellis, J., Vernadakis, A. and Haber, B., eds.),

pp. 121–133, Alan R. Liss, New York

29 Levi, G., Aloisi, F., Ciotti, M. T., Thangnipon, W., Kingsbury, A. and Balazs, R. (1989)

Preparation of 98% pure cerebellar granule cell cultures. In A Dissection and Tissue

Culture Manual of the Nervous System (Shahar, A., de Vellis, J., Vernadakis, A. and

Haber, B., eds.), pp. 211–214, Alan R. Liss, New York

30 Dudek, H., Datta, S. R., Franke, T. F., Birnbaum, M. J., Yao, R., Cooper, G. M., Segal,

R. A., Kaplan, D. R. and Greenberg, M. E. (1997) Regulation of neuronal survival by

the serine-threonine protein kinase Akt. Science 275, 661–665

# 2002 Biochemical Society



380 W. Shen and others

31 Wilson, C. D., Shen, W., Kuzhikandathil, E. V. and Molloy, G. R. (1997) Expression of

the brain creatine kinase gene in rat RT4 peripheral neurotumor cell lines and its

modulation by cell confluence. Dev. Neurosci. 19, 384–394

32 Sistermans, E. A., de Kok, Y. J., Peters, W., Ginsel, L. A., Jap, P. H. and Wieringa, B.

(1995) Tissue- and cell-specific distribution of creatine kinase B : a new and highly

specific monoclonal antibody for use in immunohistochemistry. Cell Tissue Res. 280,
435–446

33 Ausubel, F. A., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A.

and Struhl, K. (1988) Detection of proteins in gels. In Current Protocols in Molecular

Biology, pp. 10.6.1–10.6.3, John Wiley & Sons, New York

34 Schlattner, U., Mockli, N., Speer, O., Werner, S. and Wallimann, T. (2002) Creatine

kinase and creatine transporter in normal, wounded, and diseased skin. J. Invest.

Dermatol. 118, 416–423

35 Han, T. H. and Prywes, R. (1995) Regulatory role of MEF2D in serum induction of

the c-jun promoter. Mol. Cell. Biol. 15, 2907–2915

36 Kuzhikandathil, E. V. and Molloy, G. R. (1994) Transcription of the brain creatine

kinase gene in glial cells is modulated by cyclic AMP-dependent protein kinase.

J. Neurosci. Res. 39, 70–82

37 Roach, A., Boylan, K., Horvath, S., Prusiner, S. B. and Hood, L. E. (1983)

Characterization of cloned cDNA representing rat myelin basic protein : absence of

expression in brain of shiverer mutant mice. Cell 34, 799–806

38 Barres, B., Jacobson, M., Schmid, R., Sendtner, M. and Raff, M. (1993) Does

oligodendrocyte survival depend on axons? Curr. Biol. 3, 489–497

39 Wilson, A. C., Ochman, H. and Prager, E. M. (1987) Molecular time scale for

evolution. Trends Genet. 3, 241–247

40 Mukherjee, R. and Molloy, G. R. (1987) 5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole

inhibits transcription of the β-hemoglobin gene in vivo at initiation. J. Biol. Chem.

262, 13697–13705

41 Zhao, J., Schmieg, F. I., Logsdon, N., Freedman, D., Simmons, D. T. and Molloy,

G. R. (1996) p53 binds to a novel recognition sequence in the proximal promoter of

the rat muscle creatine kinase gene and activates its transcription. Oncogene 13,
293–302

42 Yamada, H., Chen, D., Monstein, H. J. and Hakanson, R. (1997) Effects of fasting on

the expression of gastrin, cholecystokinin, and somatostatin genes and of various

housekeeping genes in the pancreas and upper digestive tract of rats. Biochem.

Biophys. Res. Commun. 231, 835–838

Received 6 May 2002/3 June 2002 ; accepted 1 July 2002

Published as BJ Immediate Publication 1 July 2002, DOI 10.1042/BJ20020709

43 Trask, R. V. and Billadello, J. J. (1990) Tissue-specific distribution and developmental

regulation of M and B creatine kinase mRNAs. Biochim. Biophys. Acta 1049,
182–188

44 Ainger, K., Avossa, D., Diana, A. S., Barry, C., Barbarese, E. and Carson, J. H. (1997)

Transport and localization elements in myelin basic protein mRNA. J. Cell. Biol. 138,
1077–1087

45 Wassef, M., Anguat, P., Arsenio-Nunes, L., Bourrat, F. and Sotelo, C. (1992) Purkinje

cell heterogeneity : its role in organizing the topology of the cerebellar corter

connections. In The Cerebellum Revisited (Llinas, R. and Sotelo, C., eds.), pp. 5–21,

Springer-Verlag, New York

46 Carlson, N. (1998) In Physiology of Behavior, pp. 247–251, Allyn and Bacon, Boston

47 Goldowitz, D. and Hamre, K. (1998) The cells and molecules that make a cerebellum.

Trends Neurosci. 21, 375–382

48 Hatten, M. E., Alder, J., Zimmerman, K. and Heintz, N. (1997) Genes involved in

cerebellar cell specification and differentiation. Curr. Opin. Neurobiol. 7, 40–47

49 Hemmer, W., Zanolla, E., Furter-Graves, E. M., Eppenberger, H. M. and Wallimann, T.

(1994) Creatine kinase isoenzymes in chicken cerebellum : specific localization of

brain-type creatine kinase in Bergmann glial cells and muscle-type creatine kinase in

Purkinje neurons. Eur. J. Neurosci. 6, 538–549

50 Ullian, E. M., Sapperstein, S. K., Christopherson, K. S. and Barres, B. A. (2001)

Control of synapse number by glia. Science 291, 657–661

51 Cambray-Deakin, M., Pearce, B., Morrow, C. and Murphy, S. (1988) Effects of

neurotransmitters on astrocyte glycogen stores in vitro. J. Neurochem. 51,
1852–1857

52 Holtzman, D., McFarland, E. W., Jacobs, D., Offutt, M. C. and Neuringer, L. J. (1991)

Maturational increase in mouse brain creatine kinase reaction rates shown by

phosphorus magnetic resonance. Brain Res. Dev. Brain Res. 58, 181–188

53 Mariman, E. and Wieringa, B. (1991) Expression of the gene encoding human brain

creatine kinase depends on sequences immediately following the transcription start

point. Gene 102, 205–212

54 Ritchie, M. E. (1996) Characterization of human B creatine kinase gene regulation in

the heart in vitro and in vivo. J. Biol. Chem. 271, 25485–25491

55 Ritchie, M. E., Trask, R. V., Fontanet, H. L. and Billadello, J. J. (1991) Multiple

positive and negative elements regulate human brain creatine kinase gene expression.

Nucleic Acids Res. 19, 6231–6240

# 2002 Biochemical Society


