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ABSTRACT 

We previously identified a family of novel developmentally regulated genes: BRINP1, 2, 

and 3, which are predominantly and widely expressed in the CNS from earlier developmental 

stages to adulthood.  In the present study, we investigated the activity-dependent regulation 

of BRINP expression in the CNS.  Among the three BRINP genes, BRINP1-mRNA was 

specifically up-regulated in the dentate gyrus of mouse hippocampus by kainic acid treatment.  

In cultured hippocampal neurons, the induction of BRINP1-mRNA was also observed by the 

activation of glutamate receptors.  Although BDNF-mRNA is up-regulated in a similar 

activity-dependent manner, BDNF itself did not induce BRINP1-mRNA.  From these results, 

the physiological roles of the activity-dependent induction of BRINP1-mRNA are discussed.   

 

Key words: Hippocampus, BMP/RA-Inducible Neural-specific Protein, BRINP, 

Activity-dependent gene expression, Cell Cycle 
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1. INTRODUCTION 

Activity-dependent regulation of gene expression in the mature nervous system is closely 

associated with fundamental functions of the nervous system in both a physiological and 

pathological contexts.  Physiologically, activity-dependent neural gene expression forms the 

basis of synaptic plasticity including learning and memory formation [1].  Alterations of 

neural activity in pathological conditions such as trauma, ischemia, and neurodegenerative 

disease also induce various sets of genes which play important roles in neuroprotective 

response or neuronal cell death [2].  Augmentation of neural activity causes the activation of 

a voltage-dependent Ca2+ channel by membrane depolarization in the CNS and results in the 

elevation of intracellular Ca2+, which triggers, various signal transduction pathways leading to 

the induction of specific sets of genes [3].   

Recently, we identified a novel family of neural-specific genes, BRINP1, 2, and 3, which 

have been predominantly and widely expressed in the CNS from earlier developmental stages 

[4; 5].  The primary structures of the protein products have been highly conserved during 

evolution and show no similarity to other known proteins.  We have shown that BRINP 

family proteins suppress cell cycle progression of various cell types including differentiating 

neural stem cells [4].  Hence we propose that BRINP family proteins are involved in the key 

events of neural development, such as cessation of cell proliferation and neuronal 

differentiation.  BRINP family mRNA expression is also observed in neuronal cell layers and 

nuclei of the adult brain [4].   These finding suggests that BRINP family genes also play an 

important role in the adult brain presumably in neuronal cells.  However, there is little 

information about the physiological roles of the BRINP family genes in adult neural tissue.  

In the present study, we investigated the regulation of BRINP family mRNA expression in 

response to glutamate-induced neural activity both in vivo and in vitro.  
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2. MATERIALS AND METHODS 

2.1. Animal use and kainic acid administration. 

All experimental protocols on animals were reviewed and approved by the Animal Care 

and Use Committee of Hokkaido University.  Adult C57BL/6 mice (female, 16-20 g; CLEA 

Japan, Inc.) were injected intraperitoneally with kainic acid (KA, 20mg/kg; Sigma).  At 1 hr 

after the KA injection, the seizure activity of all injected mice ranged from mild to severe 

based on the scale of Morrison et al. [6]. 

 

2.2. Preparation of cRNA probes. 

The cRNA probe for each BRINP family gene was synthesized using DIG -RNA labeling 

mix according to the manufacture’s instruction (Roche).  Each probe was designed according 

to the following sequences: nucleotide residues 1678-2716 of BRINP1 cDNA (AB060589), 

2589-3223 of BRINP2 cDNA (AB077853), and 439-1086 of BRINP3 cDNA (ABO77854), 

respectively.  A sense cRNA probe transcribed from the each BRINP-cDNA was used as the 

negative control.  

 

2.3. In situ hybridization analysis. 

Animals were anesthetized with a pentobarbital sodium and exsanguinated by 

intracardiac perfusion with PBS, followed by fixation with perfusion of 4% paraformaldehyde.  

Each sample was cut into 12-µm-thick sections.  Sections were processed for fixation, 

acetylation, prehybridization, and hybridization as described previously [7].   

 

2.4. Cell cultures. 

Primary cultures of mouse hippocampal neurons were prepared as described by Brewer 
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et al. [8].  In brief, the hippocampi were dissected from 17-day embryos and incubated in 

DMEM (Sigma) containing 0.25% Trypsin (Gibco) for 15 min at 37oC.  Next the cells were 

dissociated by mechanical tritulation and after being washed with DMEM, they were 

suspended in Neurobasal medium (Gibco) supplemented with 2% B27 supplement (Gibco), 

500 µM L-glutamine (Sigma), 25 µM glutamic acid (Sigma), 100 µg/ml streptomycin, and 50 

U/ml penicillin.  The cells were plated onto poly-L-lysine (0.1 mg/ml; Sigma) coated 35 mm 

plastic dishes at 60,000 cells/dish.  At 5 days in vitro (5 DIV), the cultures were stimulated 

with various compounds at the concentration indicated in the figures.  A dissociated culture 

of astrocytes was also prepared from 17-day embryos and maintained in DMEM containing 

10% fetal bovine serum.  

 

2.5. RT-PCR analysis 

Total RNA was extracted from the hippocampal tissue and cultured cells with Trizol 

reagent (Invitrogen).  Total RNA (0.5 µg) was subjected to cDNA synthesis using 

ImProm-IITM reverse transcriptase (Promega) and random primer (Promega).  A quantitative 

analysis of the mRNA levels was performed on Opticon Real-Time PCR (MJ Research) using 

sequence-specific primer pairs: BRINP1: 5’-ACCGGCAAGGATTTACAACC-3’ and 

5’-CTTTGAAACTCCGGCATGA-3’; BRINP2:  5’-TGGGAGTCTCCTCGCAGTC-3’ and 

5’-TTCTCCCAGGCGGTTAGTGT-3’; BRINP3: 5’-CATCAGCCTGCCGAGACA-3’ and 

5’-GAGTGGGTTTCCTCGGAGAA-3’; BDNF: 5’- CCATAAGGACGCGGACTTGT-3’ and 

5’- GCGCCGAACCCTCATAGACAT-3’.  PCR was carried out on duplicate cDNA samples 

using SYBR Green Master Mix (Finnzymes) according to the protocol of the manufacturer.  

GAPDH was used as the control. 
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2.6. Immunocytochemistry. 

 Cultured cells were fixed with 4% paraformaldehyde in PBS for 20 min at room 

temperature.  After permeabilization and blocking, samples were incubated with PBS 

containing 1% (w/v) BSA and the following primary antibodies for 1 hr at room temperature: 

anti-glial fibrillary acidic protein (GFAP) (Dako) and anti-microtubule associated protein 2 

(MAP2) (Up-state).  After washing, samples were incubated with Alexa488-conjugated goat 

anti-rabbit IgG (Molecular Probes) and cy3-conjugated goat anti-mouse IgG (Jackson) for 30 

min at room temperature.   

 

2.7. Statistical analysis. 

Quantitative data are presented as mean ± SEM (n≥3).  Statistical analysis was 

performed according to Fisher’s protected least-significant difference (Fisher’s PLSD). 
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3. RESULTS 

3.1. Regulation of BRINP family mRNA in adult mouse brain 

To better evaluate the possible physiological roles of BRINP family genes in the adult 

brain, we analyzed the regulation of BRINP family gene expression in response to the 

activation of glutamate receptors.  In situ hybridization experiments showed that cells 

expressing BRINP1, 2, and 3-mRNA were broadly observed in neuronal cell layers and nuclei 

in various regions of the vehicle-injected mouse brain (Fig. 1A, B, C, E).  At 6 hr after the 

KA injection, of the three BRINP genes, BRINP1-mRNA was specifically up-regulated in the 

hippocampus, especially in the dentate gyrus (Fig. 1G).  This increase of BRINP1-mRNA in 

the dentate gyrus was observed at 3 hr after the injection, peaking at 6 hr and its expression 

level returned to the basal level at 12 hr (Fig. 1F-I).  In contrast, there was no significant 

change in BRINP2- and BRINP3-mRNA levels in whole mice brain regions including the 

hippocampus after the KA injection (data not shown). 

Quantitative RT-PCR experiments using total RNA samples prepared from the dissected 

hippocampus showed that the BRINP1-mRNA level in the KA-treated hippocampus was 

three times that of the vehicle-treated mice at 6 hr after the injection (Fig. 1K), consistent with 

the results of the in situ hybridization experiment.  On the other hand, BRINP2- and 

BRINP3-mRNA levels were slightly down-regulated at 6 hr after the KA injection.  The 

time course of the KA-induction of BRINP1-mRNA in mice brain was similar to that of the 

KA-induction of BDNF-mRNA (Fig. 1L) as reported by Zafra et al. previously [9]. 

 

3.2. Regulation of BRINP family mRNA in cultured hippocampal neurons 

To further investigate regulation of the BRINP family genes by activation of glutamate 

receptors, we used the primary culture of embryonic mice hippocampal neurons.  The 
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hippocampal cells were subjected to KA administration at 5 DIV when neuronal cells had 

established a fine network of neurites (Fig.2E).  As shown in Figure 2A, quantitative 

RT-PCR experiments indicated that the BRINP1-mRNA levels in primary cultured 

hippocampal neurons were up-regulated at 6 hr after KA administration in a dose-dependent 

manner.  The maximal increase of BRINP1-mRNA was obtained with 50 µM KA, and a 

further increase in the KA concentration led to a gradual decrease of the expression level.  

On the other hand, BRINP2- and BRINP3-mRNAs were not up-regulated significantly by any 

dose of KA.  Then we investigated the time-course of the changes in the BRINP family 

mRNA levels after administration of 50 µM KA (Fig.2C).  The up-regulation of 

BRINP1-mRNA by KA was observed from 3 hr of administration.  The level of 

BRINP1-mRNA at 6 hr after KA administration was three times that of the control culture, 

and the elevated BRINP1-mRNA levels were maintained until 12 hr after administration, but 

its expression level returned to the basal level by 18 hr.  The high expression levels of 

BRINP1-mRNA sustained for a longer period after KA administration suggest that the 

desensitizing mechanisms of either the relevant glutamate receptors or the intracellular 

signaling machinery is still immature or dysfunctional at 5 DIV compared to the adult 

hippocampal neurons in vivo.  The expression levels of the other two BRINP-mRNAs were 

not up-regulated significantly by KA over 12 hrs, although a slight down-regulation of 

BRINP2-mRNA levels was observed (Fig. 2C).  Induction of BDNF-mRNA by KA in the 

primary hippocampal culture was similar to that of BRINP1-mRNA with regard to the time- 

and dose-dependence of the KA treatment (Fig. 2B, D) [9].   

We then examined the cellular components of the primary hippocampal culture.  As 

shown in figure 2E, our primary hippocampal culture contained >90% neurons, although 

small numbers of GFAP-positive astrocytes (<10%) were also observed.  To investigate the 



Activity Dependent Regulation of BRINP family genes 

 9 

possible expression of the BRINP family gene in astrocytes, we prepared an astrocyte-rich 

(>99%) culture from the embryonic mouse cerebral cortex (Fig. 2F).  As shown in Figure 2G, 

the basal level of BRINP1-mRNA in the astrocyte-rich culture was much lower than that in 

the neuron-rich culture.  Furthermore, no up-regulation of BRINP1-mRNA by KA treatment 

was observed in the cultured astrocytes.  Therefore, the up-regulation of the BRINP1-mRNA 

levels is attributed to the response of the cultured hippocampal neurons. 

To investigate the cellular signaling mechanisms leading to the induction of 

BRINP1-mRNA, we then treated the cultured hippocampal neurons with various glutamate 

receptor agonists and antagonists.  As shown in Figure 3A, induction of BRINP1-mRNA by 

KA was antagonized by CNQX, a non- N-methyl-D-aspartic acid (NMDA) receptor-specific 

antagonist.  Interestingly, NMDA also up-regulated BRINP1-mRNA to an extent similar to 

that of KA, and the NMDA evoked up-regulation was antagonized by MK-801, a NMDA 

receptor-specific antagonist.  There was no significant change in BRINP1-mRNA levels in 

the presence of CNQX or MK-801 alone.  These results clearly indicate that the 

activity-dependent up-regulation of BRINP1-mRNA occurs not only through activation of the 

KA receptors but also through activation of the NMDA receptors.  Since both the KA and 

NMDA receptors are members of ionotropic glutamate receptors that cause a net influx of 

Ca2+ which is known to be a key regulator of the activity-dependent induction of neuronal 

genes such as BDNF, it is speculated that the influx of Ca2+ also serves as a major 

intracellular signal for the induction of BRINP1 [3; 10].  So, we examined the effects of high 

concentrations of KCl, which causes membrane depolarization and the influx of Ca2+, on the 

levels of BRINP1-mRNA.  At 6 hr after addition of KCl to the culture medium, the 

BRINP1-mRNA level increased to four times that of the control culture and this increase was 

inhibited by nifedipine, a blocker for the L-type voltage sensitive calcium channel, although a 
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fraction of the KCL induced BRINP1-mRNA level still remained (Fig. 3B).  These results 

indicate that membrane depolarization can induce BRINP1-mRNA mainly through the influx 

of Ca2+. 

 

3.3. The regulation of BRINP1-mRNA by members of neurotrophin and TGFβ β β β  family. 

The above results indicate that the activity-dependent inductions of BRINP1-mRNA and 

BDNF-mRNA have common features such as activation by agonists of ionotropic glutamate 

receptors and the role of intracellular Ca2+ [9; 11; 12].  In addition, BRINP gene expression 

is regulated by extrinsic factors such as members of the neurotrophin and TGFβ family in the 

developmental stage [4].  We then examined the effects of those factors on the levels of 

BRINP1-mRNA in the cultured hippocampal neurons.  Although BDNF-, NGF-, and activin 

A-mRNA are known to be induced in the hippocampus in an activity-dependent manner, none 

of these factors up-regulated the BRINP1-mRNA level at 6 hr after administration (Fig. 4) 

[12; 13].  In contrast, NT-3 slightly induced BRINP1-mRNA in cultured hippocampal 

neurons.  In this context, it is interesting to note that NT-3-mRNA has been reported to be 

down-regulated by various neural activities, including administration of glutamate in vivo [12].  

Therefore, the activity-dependent induction of BRINP1-mRNA may be independent from the 

action of these factors, although the basal level of BRINP1-mRNA may well be regulated by 

them.  We also examined the effects of BMP2 which possesses the ability to induce 

BRINP1-mRNA in developing sympathetic neurons [4].  However, BMP2 had no effect on 

BRINP1-mRNA levels in the cultured hippocampal neurons.
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4. DISCUSSION 

Administration of glutamate receptor agonists is a commonly used method to investigate 

activity-dependent events in the CNS, such as neural apoptosis, synaptic plasticity, and 

neurogenesis in the hippocampus [14-16].  For example, administration of KA induces 

neuronal apoptosis in pyramidal neurons in the CA1-3 region [14].  KA administration is 

also known to cause mossy fiber sprouting and up-regulation of KA receptor density that 

consequently leads to the modification of glutaminergic synaptic transmission in the 

hippocampus [16].  In addition, Dong et al. reported that KA administration resulted in the 

promotion of hippocampal neurogenesis to replace degenerating neurons caused by the 

excitotoxicity-induced apoptosis [15].  In the present study, we have demonstrated the 

specific induction of BRINP1-mRNA in the granular cell layer of the dentate gyrus by the 

administration of KA.  The activity-dependent induction of BRINP1-mRNA suggests several 

possibilities for the physiological functions of the BRINP1 gene product in adult neural tissue.   

First, the activity-dependent induction of BRINP1 gene may play a neuroprotective role.  

So far, a number of studies have shown that hyper activation of neurons in pathological 

conditions such as neural ischemia and trauma leads to apoptosis in various brain regions, 

especially in the hippocampus [17].  Copani et al. demonstrated that neuronal apoptosis 

induced by hyper activation was related to an inappropriate re-entry of neurons into the cell 

cycle [18; 19].  Under the normal state of the adult brain, terminally-differentiated neurons 

are thought to be arrested in the quiescent phase (Go) of the cell cycle.  Hyper activation of 

these neuronal cells can, however, induce expression of cell cycle signaling molecules such as 

cyclin D1, which is known to play a key role in the G1/S transition of cell cycle progression.  

The aberrant re-entry of the neurons into the cell cycle could easily disrupt the cell conformity 

and lead to cell death.  Park et al. reported that the induction of cyclin-dependent kinase 
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inhibitors (CDKIs) prevents the re-entry of neurons into the cell cycle and the resulting 

neuronal cell death evoked by neurotrophic factor withdrawal [20].  However, the ectopic 

expression of any single known cell cycle regulator is not sufficient to prevent neuronal cell 

death in general [18].  Given the ability of BRINPs to arrest cell cycle progression at G1/S 

transition, the up-regulated BRINP1 may well serve as a neuroprotective factor through 

suppression of cell cycle progression in cooperation with other cell cycle regulators such as 

CDKIs.  The preferential induction of BRINP1-mRNA in the dentate gyrus, a region that is 

relatively resistant to excito-toxicity, also implies a neuroprotective role of BRINP1 against 

the activity-driven cell cycle re-entry of neuronal cells.   

Second, the activity-dependent induction of the BRINP1 gene can be associated with 

synaptic plasticity.  The expression level of BRINP1-mRNA in the brain dramatically 

increases from E16 and reaches a maximal level between postnatal days 6 and 9 [4].  The 

period of BRINP1-mRNA high expression levels coincides with the period when immature 

neurons actively extend dendrites and spines and exert giant depolarizing potentials (GDP) to 

achieve synaptic connections and functional maturation [21].  During the postnatal period, 

the BRINP1-mRNA level gradually decreases toward adulthood.  In adulthood, however, the 

BRINP1 gene can be re-induced by neural activity in a similar manner to the BDNF gene 

which is known to play a fundamental role in synaptic plasticity [1; 22].  These observations 

suggest that the BRINP1 gene product also plays a role in synaptic development and plasticity 

during the developmental stage and in adulthood. 

Finally, the activity-dependent induction of the BRINP1 gene can be associated with 

neurogenesis in adult neural tissue.  Several regions of the adult mammalian CNS, including 

the dentate gyrus of the hippocampus, retain the capacity for neurogenesis which would 

contribute to the plasticity of the neural circuitry system such as learning and memory 
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formation [23].  It has been shown that KA administration increases the rate of neurogenesis 

within the dentate gyrus [15].  It is hence plausible that BRINP1 induced by augmented 

neural activity in the adult brain plays a role in the process of activity-induced neurogenesis in 

the dentate gyrus in a similar manner to that during the developmental stage i.e. suppression 

of cell cycle progression in newly created neuronal cells.  It is speculated that adult 

neurogenesis plays both a pathological role such as replacement and compensation of 

degenerating neurons and a physiological role such as learning and memory formation [23; 

24].  Hence, a possible association of BRINP1 expression with adult neurogenesis should be 

considered with regard to both situations. 

In summary, our results demonstrate for the first time that expression of BRINP1-mRNA 

is specifically regulated by neural activity in hippocampal neurons. It is highly likely that the 

activity-dependent induction of BRINP1-mRNA has important physiological roles, such as 

neuroprotection, neural regeneration, and synaptic plasticity in the adult brain.  Although, in 

the present study, the mode of BRINP gene expressions was analyzed at an mRNA level, it is 

necessary to clarify the protein dynamics such as translation, post-translational modification 

and interaction with other proteins to fully assign their physiological roles in the CNS.  It 

will also be beneficial to examine the loss of BRINP gene functions by application of gene 

knockout and knockdown technology, which is currently underway. 
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Legends to figures 

Fig. 1.  A-J. In situ hybridization of BRINP family-mRNA in the brain of vehicle or kainic 

acid treated mice.  A-C. Cells expressing BRINP1 (BR1), BRINP2 (BR2), and BRINP3 

(BR3)-mRNA are broadly observed in neuronal cell layers and nuclei in various region of 

vehicle treated mouse brain (Cont.).  E-I. At 6 hr after KA injection, BRINP1-mRNA was 

specifically up-regulated in the hippocampus, especially in the dentate gyrus.  The increase 

of BRINP1-mRNA in the dentate gyrus was observed from 3 hr (F) after injection, peaking at 

6 hr (G).  BRINP1-mRNA expression returned to basal level at 12 hr (H).  D and J. 

Negative control with a sense probe (BRINP1).  Scale bar: 1 mm (D), 500 µm (J).  K and L. 

Quantitative RT-PCR analysis of BRINP- and BDNF-mRNA in hippocampal tissue of the 

KA or vehicle treated mice.  K. BRINP family mRNA (BRINP1: *P<0.05, vs. control and 

KA3hr, KA12hr, KA24 hr; BRINP3: #P<0.05, vs. control, KA3hr, KA24 hr).  L. 

BDNF-mRNA (*P<0.05, vs. control, KA12hr, KA24 hr). 

 

Fig. 2.  A-D. Quantitative RT-PCR analysis of BRINP- and BDNF-mRNA in cultured 

hippocampal neurons.  A and B. Dose-dependent increase of BRINP- and BDNF-mRNA at 6 

hr of the KA-treatment.  A. BRINP family mRNA (BRINP1: *P<0.05, vs. control, BRINP2: 

#, P<0.05, vs. control).  B. BDNF-mRNA (*P<0.05, vs. control).  C and D. Time course of 

the increase of BRINP- and BDNF-mRNA after administration of 50 µM KA.  C. BRINP 

family mRNA (BRINP1: *P<0.05, vs. control, BRINP2: #P<0.05, vs. control).  D. 

BDNF-mRNA (*P<0.05, vs. control).  E-G. Comparison between neuronal and glial cultures.  

E. The primary hippocampal neuronal culture contained >90% MAP2-positive neurons (red) 

and <10% GFAP-positive astrocytes (green) at 5 DIV.  F. The glial culture contained >99% 

GFAP-positive astrocytes (green).  G. Quantitative RT-PCR analysis indicated that the basal 
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level of the glial culture was much lower than that in the neuronal culture and there was no 

up-regulation of BRINP1-mRNA by the KA treatment (50µM) in the glial culture.  Scale bar 

equals 50 µm both in (E) and (F). 

 

Fig. 3.  A. Effects of various agonists and antagonists of glutamate receptors on 

BRINP1-mRNA levels.  The cultured hippocampal neurons are incubated with CNQX (10 

µM) or MK-801 (10 µM) for 15 minutes prior to the KA (50µM) or NMDA (50 µM) 

treatment for 6 hr.  (*P<0.05, vs. KA with CNQX.  #P<0.05, vs. NMDA with MK-801).  B. 

Effects of depolarization and influx of Ca2+ on BRINP1-mRNA levels.  The cultured 

hippocampal neurons are incubated with 10 mM KCl for 6 hr with or without 10 µM 

nifedipine (*P<0.05, vs. a group without KCl treatment and a group with both KCl and 

nifedipine treatment.  # P<0.05, vs. a group without treatment and a group with nifedipine 

alone). 

 

Fig. 4.  Effects of various members of the neurotrophin and TGF-β family on 

BRINP1-mRNA levels.  The cultured hippocampal neurons are incubated for 6 hr in the 

presence of KA (50 µM), BDNF (50 ng/ml), NGF (50 ng/ml), NT-3 (50 ng/ml), activin A (10 

ng/ml), and BMP-2 (10 ng/ml) (*P<0.05, vs. control). 
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