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The ontogeny of the expression of prepro-neurotensln/neuromedm N messenger RNA (prepro-NT/NN mRNA) m the rat posterior clngulate 
cortex (retrosplenial cortex) and the hlppocampal formaUon was investigated using in situ hybridization htstochemlstry In the primordmm of 
the posterior cIngulate cortex and the hlppocampal formation, prepro-NT/NN mRNA was first expressed on embryonic day 17, and was found 
in the sublculum, layers II-III in areas 29a and 29b, and layer VI in the posterior clngulate cortex at birth Expression was also observed in 
the CA1 field In the adult rat, the expression of prepro-NT/NN mRNA was reduced in the posterior cmgulate cortex, and only a few positive 
cells were seen here. However. the CA1 field and the subiculum still contained numerous positive cells 

INTRODUCTION 

Neurotensln  (NT) ts a hypotensive tridecapeptide 7, 

that is distributed unevenly in the central nervous 
system 8"17'19"20"22'25'27'34-38. This peptide has many bio- 

logical activities affecting hemodynamics 7,33, pain sensa- 

tion 4"12'21, smooth muscles 7, the neuroendocr ine  sys- 
tem 14'16'17'26'39'40, thermoregulat ion 5"9'21'29, and gastric 

secretion 32. In addition, NT mediates the release of other 

neurotransmit ters ,  such as dopamlne,  through a presyn- 

aptic mechanism 31. 

In the brain of the adult rat, NT-containing cells have 

been detected by tmmunohistochemistry in many regions, 

such as the paraventricularis or periaqueductal  grey 17" 

20,35,38, but they were rarely present in the hippocampal 

formation or the posterior cingulate co r t ex  20'25'37. On the 

other hand,  we found,  in very young rats, a large number  

of NT-like immunoreact ive  (NT-LI) cells in the hippo- 

campal formation and the posterior cingulate cortex 18. 

Recently the complementary D N A  (cDNA) for the 
NT/neuromedin N 3° precursor (pro-NT/NN) was cloned 13'23 

and nucleotlde sequence analysis allowed us to study the 

expression of prepro-NT mRNAs.  In this study, we 

investigated ontogenetic changes of prepro-NT/NN 

m R N A  expression m the posterior clngulate cortex and 

the hippocampal formation by in situ hybridization 

histochemlstry. 

MATERIALS AND METHODS 

Preparation of the ohgonucleottde probe 
The 39-mer ohgonucleotlde probe was synthesized with an 

Applied Blosystems 381A DNA synthesizer (Foster City, CA), and 
purified by HPLC (Hitachi, Japan) It was labeled with [a-35S]dATP 
(for in SltU hybridization) and [ct-32p]dCTP (for Northern blot 
analysis) by a 3" end-labehng method, giving a specific activity of 
1 0--1 5 x 109 dpm//~g (16-25 MBq//~g); thus, by computation, about 
6 nucleotldes were incorporated onto the 3" end Th~s probe was 
complementary to the mRNA sequence coding for NT of the rat 
NT/NN precursor gene (nucleotldes 701-739) 23 

Ammals 
Wlstar rats were used They were housed in a room kept at a 

constant temperature and humidity and were provided w~th food 
and water ad hbxtum Diurnal lighting condmons were maintained 
with the hghts on from 08.00 to 20 00 h After mating, the first day 
of the presence of sperm m the vaginal smear was designated as 
embryonic day (E) 0, and the day of birth was postnatal day (P) 0 
The number of rats used at each stage was as follows: 2(E16), 
3(E17), 6(P0), 6(P2), 6(P5), 9(P7), 6(P10), 6(P14), 3(P21), and 
6(adult) Rats were anesthetized with sodium pentobarbltal (Nem- 
butal, 60 mg/kg, l.p.) and then decapitated In the case of embryos, 
mother rats were anesthetized with sodmm pentobarbltal (30 mg/kg, 
i p ), embryos were removed by caesarean section, anesthetized 
with sodium pentobarb~tal, and decapitated The brains were 
removed, frozen in dry-ice, and stored at -80 °C 
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Fig. t. Histogram showing the frequency distnbuaon m the 
luppocampal formation and the posterior cingulate cortex neurons 
of the number of grains per cell in 7-day-old rats 

Procedure ]or Northern blot analysts 
Total cellular RNA was extracted from the ~at brain by ultracen- 

trifugatlon with guanidmm ~sothIocyanate/caesIum chloride 2~ 
Poly(A) + RNA was obtained using ollgotex-dT 30 (Japan Roche), 
denatured and separated by electrophoresis on agarose-formalde- 
hyde gels The RNA was transferred to a nylon membrane and 
hybridized with 32p-labeled probes Fdters were washed in 1 × SSC 
(0 15 M NaC1, 0 015 M sodium citrate) and 1% SDS at 60 °C for 1 
h before being processed for autoradlography 

Procedure for m suu hybrzdtzatum 
Sections (16-/~m) were cut on a cryostat and thaw-mounted on 

subbed poly-t-lysme-coated glass shdes, and then stored at -80 °C 
untd being processed for in SltU hybridization The sections were 
fixed in 4% paraformaldehyde for 30 mm After being rinsed twice 
in 0 1 M phosphate-buffered saline for 5 mln each time, secUons 
were dehydrated in alcohol, treated m chloroform and dehydrated 
again Brain sections were hybridized with the oligonucleotlde 
probe (5 × 105 dpm or 8 3 kBq per shde) m hybridization solution 
at 40 °C for 12 h, and then washed 4 times for 15 mm each in 1 × 
SSC (0 15 M NaC1, 0015 M sodium otrate) at 55 °C The 
hybndlzauon solution consisted of 50% delomzed formam~de, 4 x 
SSC, 1 × Denhart's solution (0 02% bovine serum albumin, 0.02% 
polyvmyl pyrolhdone, 0 02% FlcollL 0.12 M sodium phosphate (pH 

Or'  
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A 
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! 

Fig. 2 Northern blot hybridization of the NT probe to poly (A) + RNA extracted from the brain of 7-day-old rat (A) Photomicrographs showing 
the serially sectioned tissues (B-D) Prepro-NT/NN mRNAs in the sublculum (Sub), layers II-III (II-III) m areas 29a and 29b, and the layer 
VI (VI) in the posterior cmgulate cortex (B) Sections pretreated with RNase (C) and hybridized with an excess amount of non-labeled NT 
probe (D) Bar = l m m  



Fig 3. Photomicrographs showing the appearance of prepro-NT/NN 
mRNAs in the pnmordmm of the rat hlppocampal formation on 
embryonic day 17 Th, thalamus, Cor, cortex, V, ventricle, M, 
mldhne Bar = 1 mm 
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7 2), 0.025% tRNA, 50 mM dlthlothreltol and 10% dextran sulfate 
For autoradlography sections were dipped m K-5 emulsion (Ilford), 
stored in black boxes and exposed at 4 °C for 20 days. They were 
developed with K-19 (Kodak) and fixed with Fup-fix (Fup-film), 
taking 5 mln for each process After washing in running water, the 
sections were stained with thlonme (Merck, E R  G ), dehydrated, 
and covershpped for observation Generally, an aggregate of Sliver 
grains observed on each cell corresponds to the hybridization 
signals 

Counting of cell numbers and sdver grams 
This analysis was carned out on 100 cells in the cortex or the 

hlppocampal formation which were selected from 7-day-old rats by 
random samphng. The number of sdver grams on each cell was 
counted using high magmficatlon w~th a hght microscope, and only 
cells having nuclei were counted. The number of grains on each cell 
was then used to construct a histogram (Fig 1). The frequency 
distribution of the cells showed two populations. In the present 
study, cells belonging to the group with a large number of grains was 
taken as positive The average number of grains on the cells 
belonging to the group with few grains was taken as the background 
level (noise) This process was repeated for the rats at other ages 
In the sublculum and layer VI of the posterior cmgulate cortex, each 
cell was clearly able to be distinguished, and the number of labeled 
cells and number of grains on each cell were counted Positive cells 
were counted in all sections selected from every 6 brain slices 16-gm 
in thickness We calculated 'number of posmve grams' of each cell 
by subtracting the noise value from the actual gram number (Table 

Fig. 4. Photomicrographs showing ontogenetlc changes in the distribution of prepro-NT/NN mRNAs prepro-NT/NN mRNAs are distributed 
in the sublculum (Sub), CA1 field (CA1), layers II-III  of areas 29a and 29b (II-III) ,  and layer VI (VI) of the posterior cmgulate cortex on 
postnatal 0 day (P0) and 7 day (P7) Note the disappearance of signals in layers II-III  on postnatal day 14, and in layer V I m  the adult Bar 
= l m m  
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TABLE I 

The 'number of postttve grams'per cell (mean value + S. D ) 

Subtculum Layer VI 

P7 64 -4- 13 70 + 14 
adult 54 + 19 * 

* Approximately 0. 

expressaon of the prepro-NT/NN mRNA m the subtculum and the 
posterior cingulate cortex. When sections were treated with nbo- 
nuclease (RNase; 0.1 mg/ml) m 0 1 M Tris-HC1 (pH 7.4) at 37 °C 
for 60 min before prehybndizatlon, signals were wrtualty absent 
(Fig. 2C). In the competition experiment, sections were hybridized 
with an excess of non-labeled NT probe (38 ng of probe per slide), 
and hybridization signals were also found to be absent (Fig. 2D). 
These control experiments were performed with serial sections from 
one rat. They were hybridized with the same amount of labeled 
probe (8.3 kBq) at the same time and exposed for the same period 
(20 days) 

Termmology 
The nomenclature used follows that of Vogt and Peters 4L, Vogt 

and Miller 42, and Bayer 3 

Fig. 5. Photomicrographs showing the localization of prepro-NT/NN 
mRNAs in the CA1 field (CA1) and transient appearance in the 
dentate gyrus (Den). "Ilae intensity of expression in the dentate 
gyrus was less than that in the CA1 field and was shghtly more 
diffuse These sections were exposed for a longer period (32 days) 
than the others to detect weak s~gnals. Bar = 1 mm 

I) However, in other areas (CA1 field, the dentate gyrus, and 
layers I I - I I I  of the postenor cingnlate cortex), the compact cellular 
arrangement made it difficult to distinguish single cells. Accord- 
ingly, in these areas, the grain number per 320/~m 2 (40 x 80/zm) 
was counted, and divided by the gram number per 320/~m 2 m other 
regions. This ratio was taken as the grain/noise ratio When the 
density of grains was measured, areas with a gram/noise ratio of 
more than 2 were regarded as posltwe (Table II) 

Control experiments 
Northern blot analysis and competition experiments were carned 

out to evaluate the specificity of the hybridization signals Poly(A) ÷ 
RNA from rat brain hybridized with the NT probe appeared m two 
bands (Fig. 2A). The prepro-NT/NN gene transcribes the types of 
mRNA, which differ only in poly(A) ÷ length 23. The two prepro- 
NT/NN mRNAs we detected were about 1 0 kb and 1 5 kb m length, 
which was consistent w~th an earher report 23 F~g 2B shows 

RESULTS 

No positive cells were seen in the primordiam of the 
posterior cingulate cortex or hipptr.ampal formation until 
E17. Between E17 and birth, positive cells increased in 
number and intensity, and were observed in layers II-III 
of areas 29a and 29b, layer VI in the poster/or cingalate 
cortex, the dorsal and ventral subic-tdura, and the CA1 
field in the hippocampus at birth (Figs; 3, 4). After the 
first postnatal week, positive cells in the posterior 
cingulate cortex, decreased remarkably in number with 
age and only a few were seen in adult rats (Fig. 4 and 
Tables I, II). The decrease was more prominent in layers 
II-III of areas 29a and 29b than in layer VI. On postnatal 
day 14 no labeled cells were detected in layers II-ItI of 
areas 29a and 29b, while those in layer VI still remained. 
Aggregates of silver grains were also observed in the 
granular cell layer of the dentate gyrus in the hippocam- 
pus during the first postnatal week (Fig. 5). After 
postnatal day 7, they began to decrease in intensity. 

In contrast, the number of the labeled cells in the 
subiculum of the adult animals did not decrease so 

TABLE II 

The'grain~noise rano ' in ~ c h  region (mean value +_ S. D. ) 

Layers lI-lll  CAI Dentate gyrus 

P7 3 5 + 0 . 3  3.1 + 1.1 2 0 + 0 . 3  
adult * 2 3 + 0.5 * 

• Approximately 1 
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Fig 6. Photomicrographs showing prepro-NT/NN mRNAs in the ventral subiculum (v-Sub) during development In the adult ,  s~gnals could 
also be observed m the ventral  sublculum The  upper  panel  (Adult)  shows a more  caudal region than the lower Cor,  cortex Bar = 1 m m  

prominently compared with the permatal stage (Figs. 6, 
7). The average number of positive cells in the subiculum 
on postnatal day 7 (n = 3) was 3124, while that of adult 
rats (n = 3) was 2971. Though the positive cells did not 
decrease so much in number in these areas during 
development, the amount of prepro-NT/NN mRNA 
expressed per cell decreased (Table I). In the CA1 field, 
prepro-NT/NN mRNA is still expressed in adult rats (Fig. 
5, Table II). 

DISCUSSION 

Bayer reported that cells m the subiculum first appear 
on El6  or El72. Our study has revealed that prepro- 
NT/NN mRNA is first expressed in the posterior cingu- 
late cortex and the htppocampal formation on El7.  Thus, 
the neurons in these areas begin to produce NT just after 
neurogenesls when their dendrites and axons are not well 
matured. 

Fig 7 Photomicrographs  showing the persistence of prepro-NT/NN 
m R N A s  m the dorsal sublculum The  number  of  prepro-NT/NN 
m R N A  containing cells m the adult  is a lmost  the same as that  m the 
7-day-old rat Bar = 100/~m 
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A recent study using in situ hybridization histochem- 

xstry revealed that in adult rats the CA1 field and the 

dorsal and ventral  subiculum had neurons containing 

prepro-NT/NN m R N A  1. Our  study confirmed these 

findings, and in addition showed that very young rats had 

a number  of cells containing prepro-NT/NN m R N A  not 

only m the subiculum or CA1 field but also in the 

posterior cingulate cortex. As to the CA1 field, probes 

often brad to this area non-specifically. However,  Alex- 

ander  et al. found an abundance of authentic prepro- 

NT/NN m R N A  in the CA1 field using S1 protection 

assay 1. We previously found a number  of NT-LI neurons 

in the posterior cingulate cortex and dorsal sub~culum 

with no or only a few immunoreact ive cells m the CA1 

field m young rats TM. Only speculative considerations 

about the discrepancy between immunohistochemistry 

and in situ hybridization histochemistry findings are 

possible at present.  General ly,  m R N A  exists in the cell 

bodies, whereas peptides are mainly present m nerve 

termim. However,  it is also possible that the prepro- 

NT/NN m R N A  is not translated to NT peptlde in the 

areas which have a number  of cells containing prepro- 

NT/NN m R N A  but lack immunoreacUve cells. Perhaps 

prepro-NT/NN m R N A  is differentially processed and the 

amount  of peptide is not sufficient for visualization by 

immunohistochemistry.  The posslbihty that only neuro- 

medin N is processed neuron-specifically also cannot be 
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Neurotensin and neuromedin N elevate the cytosolic calcium 
concentration via transiently appearing neurotensin binding sites in 

cultured rat cortex cells 
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Through assessment of the changes in the intracellular free-calcium concentration ([Ca:+L), which was measured using the calcium sensitive 
dye, fura-2, the character of the neurotensin (NT) binding sites which appeared transiently during the early ontogenetic stage in the rat cerebral 
cortex was analyzed in primary cultures of cerebral cortex cells from neonatal rats. NT (1-1000 nM) elevated [Ca2+]i of the cells even when 
extracellular calcium was chelated with 1 mM ethylene glycol-bis(fl-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA). These findings 
suggest that the transiently appearing NT-binding sites in the cortex are receptors for NT and that some of the NT-induced increase in [Ca2+]~ 
is due to mobilization from the intracellular calcium store. Further application of NT after 10 min washing caused an increase in [Ca2+]j again. 
This is in contrast to the findings for cortical slices from adult rats and mRNA-injected oocytes; desensitization due to NT was of long duration 
and further application of NT failed to activate the neurons which had responded the first time to NT, These facts suggest that the character 
of the NT-binding sites in the cerebral cortex differs between neonatal and adult rats. In addition, we showed that neuromedin N had a similar 
property to NT as to mobilization of [Ca2+L and acted only on NT-responsive cells, suggesting the interaction between NT and neuromedin 
N at the postsynaptic level via the same receptor. 

INTRODUCTION 

On the basis of ontogeny,  previous studies involving in 

vitro au torad iography  revealed that there  are two kinds 

of neurotensin  (NT) 4 binding sites: one is that  seen in the 

cerebra l  cortex and the o ther  that  seen in other  brain 

regions such as the ventral  tegmenta l  area  and substantia  

nigra pars compacta  13,~7. The former  kind of NT binding 

sites t ransient ly appears  during the early ontogenet ic  

stage. Namely ,  it increases during the early ontogenet ic  

stage, the maximum level being reached on postnata l  day 

10. Thereaf te r ,  it decreases  markedly ,  a very low level of 

NT binding sites being found in the adult  rat. On the 

o ther  hand,  the la t ter  kind of NT binding sites increases 

progressively during deve lopment  after bir th,  the p la teau 

level being reached on postnata l  day 15. No conspicuous 

decrease  can be seen thereaf ter .  

In suppor t  of these observat ions,  several  lines of 

biochemical  and pharmacological  evidence have sug- 

gested the presence of two types of NT binding sites ~4' 
15,19 For  example ,  using the histamine antagonist ,  

levocabast ine 23, Schotte et al. 19'2° confirmed the pres- 

ence of two different  binding affinity sites: NT high 

affinity ( levocabast ine insensit ive) and low affinity (le- 

vocabast ine sensitive) sites. F rom an ontogenet ic  view- 

point ,  high affinity sites are abundant  at birth and reach 

the maximum level on pos tnata l  day 10, after which they 

decrease marked ly  to reach a low pla teau  level,  while low 

affinity sites are very few at bir th,  increase in number  and 

reach a p la teau level on postnata l  day 15. F rom that  t ime,  

no conspicuous decrease in them can be de tec ted  2°. Thus,  

judging from the deve lopmenta l  pa t te rn  of the NT 

binding sites repor ted  by Kiyama et a1.13 and Palacios et 

al. 17, and that  by Schotte et al. t9"2°, it is l ikely that  the 

high affinity sites cor respond to NT binding sites which 

appear  t ransient ly during the early ontogenet ic  stage in 

the cerebral  cortex ( ' t rans ient  NT binding sites ') .  Little is 

known about  the character  of the ' t rans ient  NT binding 

sites' .  In addi t ion,  it is not  clear whether  the two distinct 

profiles of NT binding sites are due to originally different 

structures or  to different  structures originating from the 

same structure.  

In this study,  using a pr imary  culture of cerebra l  cortex 

cells of neonata l  rats,  in which all the NT-binding sites 
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are  ' t rans ien t  N T  binding sites '13'2°, we a t t e m p t e d  to 

cha rac te r i ze  the  ' t rans ien t  NT-b ind ing  si tes ' ,  assessing 

the changes  in the in t racel lu lar  f ree  calcium (Ca 2+) 

concen t r a t i on ,  [Ca2+]i, e v o k e d  by NT. In addi t ion ,  in the  

s a m e  cul ture  sys tem,  we e x a m i n e d  the effect  of  neuro-  

med in  N ( N N )  16 which is coded  t andemly  in the same 

p recu r so r  of  N T  6 ~  in re la t ion to NT, a iming to deter -  

mine  w h e t h e r  o r  not  N N  ac ted  on the same i m m a t u r e  

cor t ical  cells as those  a f fec ted  by N T  and,  if this was so, 

to e x a m i n e  the  possibi l i ty  that  N T  and N N  express  thei r  

roles via the same  r ecep to r  o r  b inding sites. 

TABLE 1 

Ability of NT and neuromedin N to elevate cytosoli{ Ca: 

Peptide Concentration (nM) Ctr z÷ response 

NT 0.1 (_+}* 
] (+} 

l{} (~) 

Neuromedin N l (-)  
1(} {+) 

Positive response (+); inactive response (-). 
* 20% of 100 nM NT-responsive cells showed a positive response. 

MATERIALS AND METHODS 

The methods used for culturing cells and measuring [Ca2+]i were 
described in detail elsewhere 25. Briefly, the cortices were removed 
from newborn Wistar rats, incubated with papain (Worthington 
Biochemical Corp., U.S.A.), triturated and then seeded into 0.28 
cm 2 wells with Flexiperm covers (Heraus, ER.G.),  on polyethyl- 
enimine-coated glass cover-slips. The cells were cultured for 1-6 
days in Dulbecco's modified Eagle's medium (D-MEM) containing 
10% fetal bovine serum (FBS; Sigma, U.S.A.) and antibiotics under 
an atmosphere of 95% air and 5% CO 2 (v/v) at 37 °C. [Ca2+]i was 
measured by use of the calcium-sensitive fluorescent dye, fura-2 
acetoxymethylester (fura-2/AM; Dojin, Japan) TM. The cultured 
cells were loaded with fura-2/AM at the concentration of 5 #M in 
modified Eagle's minimum essential medium (MEM) without 
phenol red (Auto-Pow MEM; Flow Laboratories, U.S.A.) for 30 
min at 37 °C. The fura-2-1oaded cells were washed twice with the 
same medium containing 15 mM Hepes (pH 7.3) without sodium 
bicarbonate. The cultured cells were then viewed, through the 
coverslip, under an inverted microscope (Nikon, Japan). Images 
were taken every 3.33 or 8.3 s with a video camera (C-2400; 
Hamamatsu Photonics, Japan) equipped with an Argus-100/CA 
(Hamamatsu Photonics, Japan), which controlled the image acqui- 
sition and display. [Ca2+]i was subsequently computed and deter- 
mined from images at 340 and 380 nm by use of the ratio method. 
We calibrated the fura-2 signals by the method recommended by 
Hamamatsu Photonics. However, in this experiment, note that 
transient elevation of [Ca2+]~ is more important than the absolute 
value of [Ca2+]i. 

Changes in [Ca2+]i of cultured cells were examined under the 
following conditions: (i) application of NT alone, (ii) that of NT at 
various concentrations followed by application of 100 nM NT, (iii) 
that of 100 nM NT analogues followed by 100 nM NT application, 
(iv) that of 100 nM NT in the continuous presence of ethylene 
glycol-bis(fl-aminoethylether)-N,N,N,N'-tetraacetic acid (EGTA) 
to chelate the extracellular calcium, (v) that of 100 nM NT followed 
by washing and 100 nM NT re-application, (vi) that of NN instead 
of NT in the same way as described above, (vii) that of 100 nM NT 
followed by washing and application of 100 nM NN, or that of NN 
and then NT, and (viii) that of 100 nM NT followed by application 
of 100 nM NN, washing and 100 nM NN re-applicafion, or that of 
NN followed by NT application, washing and NT reapplication. For 
these applications, NT, NN, NT analogues and EGTA were 
dissolved in modified Eagle's MEM (containing 15 mM Hepes, pH 
7.3), and the wells were continuously perfused with each solution. 
Before the application of each solution, in some cases, modified 
Eagle's MEM was applied to the application site for each solution 
to exclude cells which would show a shock response to the 
application. For washing, cells were continuously perfused with 
modified Eagle's MEM (2.5 ml/min). The wells, the equipment, and 
the solutions were thermostatically maintained at 35-37 °C through- 
out the measurements. All fluorescence records were similar to at 
least 6 others. 

RESULTS 

[Ca2+]i elevation by N T  

Effect o f  a single application o f  NT. Var ious  concen-  

t ra t ions  o f  N T  (1-1000  n M )  induced  an increase  in 

[Ca2+]i o f  p r imary  cu l tu red  cor t ica l  cells (Table  I).  The  

response  curve  pa t t e rn  o f  [Ca2+]i as to  N T  appl ica t ion  

was s imilar  t h r o u g h o u t  the  e x a m i n a t i o n ,  though  the  

ex ten t  of  mob i l i za t ion  of  Ca  2+ ions  in the  cor t ical  cells 

reac t ive  as to N T  appl ica t ion  v a r i e d  f rom 179 to  514 nM.  

Fig. 1A shows an e x a m p l e  o f  mob i l i za t ion  of  f ree  Ca  2+ 

ions in cells in r e sponse  to N T  (100 nM) .  A drast ic  
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Fig. 1. A: 100 nM neurotensin (NT) caused a transient increase in 
[Ca2+]i in cultured cortex cells. B: 100 nM neuromedin N (NN) 
caused a transient increase in [CaZ+]i in cultured cortex cells: 
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TABLE II 

Ability of  NT  analogues (100 nM) to elevate cytosolic Ca 2+ 

Peptide Ca 2+ response 

NT (+) 
NT(I-8) (-)  
NT(8-13) (+) 
[D-Trp"]NT (- )  
Neuro medin N (+) 

Positive response (+);inactive response (-). 
1 8 11 

NT: pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu 
Neuromedin N: Lys-Ile-Pro-Tyr-Ile-Leu 

increase in [Ca2+]i occurred in the cortical cells immedi- 
ately after an application of NT. This increase was 
transient: after reaching a peak (306 nM [Ca2+]i in this 
case) within 20 s, the elevated [Ca2+]i level began to 
decrease progressively, the basic level being reached at 
about 2 min after addition of NT to the medium. This 
effect of NT could not be detected in all cases in which 
0.1 nM NT was applied (Table I). Since there was a 
possibility that the primary culture cells lacked cells 
containing NT binding sites, we added 100 nM NT to the 
medium after washing the wells. Two cells showed an 
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Fig. 2. 100 nM NT caused a transient increase in [Ca2+]i in cultured 
cortex cells in the continuous presence of 1 mM EGTA. Modified 
Eagle's minimum essential medium containing 15 mM Hepes (pH 
7.3) (MEM) was applied to the same injection site as for NT before 
the NT application to exclude cells which would show a shock 
response to the application. 

increase in [Ca2+]i with 0.1 nM NT, whereas 8 cells 
showed an increase in [Ca2+]i only with 100 nM NT, 

indicating that cells containing NT binding sites show an 
increase in [Ca2+]i with a higher concentration of NT 
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Fig. 3. A: re-application of 100 nM NT caused a transient increase in [Ca2+]i in cultured cortex cells after a first application of 100 nM NT 
and washing for 10 min. B: re-application of 100 nM NT after washing for 4 rain caused a transient increase in [Ca2+]i in cells (solid line). 
Some cells did not respond to the re-application (dotted line). Modified Eagle's minimum essential medium containing 15 mM Hepes (pH 7.3) 
(MEM) was applied to the same injection site as for NT before the application of NT to exclude cells which would show a shock response 
to the application, 
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Fig. 4. A: application of 100 nM neuromedin N (NN) induced a transient increase in [Ca2÷]~ in cultured cortex cells after 100 nM NT application 
and washing for 15 min. No cells were observed which only responded to NN. B: first 100 nM NT was applied and then 100 nM NN was applied. 
Re-application of 100 nM NN after washing for 15 min induced a transient increase in [Ca2+]i, though the first application of NN did not. 
Modified Eagle's minimum essential medium containing 15 mM Hepes (MEM) was applied to the same injection site as for NN or NT to exclude 
cells which would show a shock response to the application. 

than 0.1 nM. When 1 nM NT was applied, no cells were 
observed which only responded to subsequent application 

of 100 nM NT. 
Determination of  the active part of N T  in the increase 

in [Ca2+]i. One-hundred nM C-terminal octapeptide of 
NT, NT(8-13) ,  caused a similar increase in [Ca2+]i in 

cortical cells to that caused by NT, while the same 
concentration of  N-terminal octapeptide NT, NT(1-8) ,  
failed to cause an increase in [Ca2+]i in the cortical cells 

(Table II),  showing that the C-terminal octapeptide 

played a role in the increase in [Ca2÷]i in cortical cells 
caused by NT. Furthermore,  an NT analogue, [D- 
Trpll]NT, in which the l l t h  residue of NT is replaced by 

D-Trp, did not elevate [Ca2+]i at the concentration of 100 
nM (Table II). 

Determination of  the source of  mobilized Ca 2÷ ions 

with an application of  NT. In the continuous presence of 
1 mM EGTA,  an application of 100 nM NT resulted in 
a similar increase in [Ca2÷]i in cultured cortical cells, 
suggesting that mobilization of Ca 2÷ ions from the 
intracellular Ca 2÷ store is an important factor in the 
increase in [Ca2+]i caused by an NT application (Fig. 2). 

Determination of  whether desensitization of  N T  recep- 
tors occurs or not in cortical neurons o f  neonatal rats. Fig. 

3A and B (solid line) show the changes in [Ca2+]i after 

further addition of  100 nM NT to the medium. As 

described above, NT caused transient elevation of  [Ca2+]i 
in the cells. After  the return to the basic level, t he  wells 

were washed for 10 min and then 100 nM NT was again 
added to the medium. An increase in [Ca2+]i was again 
detected, though the amount  of Ca 2÷ ions which were 

mobilized in the cells with this further application of NT 

(179 nM of [Ca2+]i) was less than the initial one (394 nM 
[Ca2+]i ) (Fig. 3A). So far as we observed, every NT 

responsive cell was reactive to the second application of 
NT after washing for 10-20 min (n = 11), whereas when 
the wells were washed for 4 min, about 33% of the cells 

in which [Ca2+]i was elevated by NT was also reactive to 
a further application of  NT, while the remaining cells 
were reactive to the first application of  NT but not to the 
second one, as shown in Fig. 3B by a dotted line. 

[Ca2+]i elevation by N N  

An application of NN caused similar transient eleva- 
tion of  [CaZ+]i to that seen in the cases in which NT was 
added (Fig. 1A and B, and Table II). However ,  the 
minimum concentration which causes an elevation of 
[Ca2+]i of NN was higher (10 nM) than that of NT (1 nM) 



(Table 1). The continuous presence of EGTA in the 

medium (1 raM) did not inhibit the increase in [Ca2+]i, as 

seen for NT. 

Determination o f  whether or not N T  and N N  act on the 

same cells 

Fig. 4A shows an example of the cases in which 100 nM 

NT was first applied, followed by an application of 100 
nM NN. The pattern of the elevation of [Ca2+]i in the 

cells obtained in this case was similar to that seen in the 

cases in which NT was repeatedly applied (Fig. 3A). An 
application of NT caused transient elevation of [Ca2+]i 

(514 nM in this case). After 15 min washing, NN added 

also caused transient elevation of [Ca2+]i in the same 
cells, though the amount of mobilized Ca 2+ ions with NN 

was less (278 nM in this case) than that with NT. Every 
cell which was reactive to NT was also reactive to NN (n 

= 15). On the other hand, there were no cells which were 

only reactive to NN. Moreover, when we first added 100 

nM NN, followed by washing for 15 min, and then 
applied 100 nM NT, the same results as mentioned above 
were obtained: every cell responsive to NN also re- 
sponded to subsequently applied NT (n = 9), though the 

mobilization of Ca 2+ ions by NN was greater than that by 

subsequently applied NT. No cells were observed which 

were only responsive to NT. These findings showed that 

NT and NN act on the same cortical cells. 
Next, we examined the possibility that NT and NN 

bind to the same receptor. An example is shown in Fig. 4B. 

NN (100 nM) was applied immediately after transient 
elevation of [Ca2+]i caused by NT (100 nM). As shown in 

Fig. 4B, subsequent NN application failed to elevate the 
[Ca2+]i, while NN application at the same concentration 
after 15 rain washing caused elevation of [Ca2+]i in the same 

cells (Fig. 4B). When NN and NT were exchanged for the 

experimental processes mentioned above, the same obser- 
vations were made: NT application immediately after 

transient elevation of [Ca2+]~ caused by NN failed to elevate 

the amount of Ca 2+ ions, while the addition of NT to the 

medium subsequent to 15 min washing after the first NT 
application caused elevation of [Ca2+]i . 

DISCUSSION 

Our study revealed that NT causes transient elevation 
of [Ca2+]i in cultured cortical cells from neonatal rats, 
even in the continuous presence of 1 mM EGTA to 
chelate the extracellular Ca 2+. These findings show that 
mobilization of Ca 2+ from the intracellular Ca 2+ store 
plays an important role in the elevation of [Ca2+]i caused 

by NT, and the 'transient NT binding site' is considered 
to be the receptor involved because the intracellular 
events only occurred with NT. Several binding studies 
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have shown that the binding ability of NT(1-8) or 

[D-Trp I lINT is very weak or nonexistent, while NT(8-13) 

has as strong binding ability as NT 1°'~2. Furthermore, our 

study revealed that NT and NT(8-13) cause a transient 

elevation of [Ca2+]i, while NT(1-8) does not. These 
findings show that NT(8-13) plays an important role in 

the binding of NT to the 'transient binding sites' and in 

expression of their functions. 

It has been reported that NT causes activation of 
inositol phospholipid metabolism in a carcinoma cell 

line ~, and that the NT response is inhibited by the 
pertussis toxin and mimicked by intracellularly injected 

inositol 1,4,5-triphosphate (IP3) in oocytes injected with 
mRNA from rat brain 9. As the pertussis toxin is known 

to abolish the functions of guanine nucleotide-binding 
proteins 22 (G-proteins) through adenosine 5"-diphos- 

phate ribosylation of the proteins 2v, it is likely that NT 

receptors belong to the G-protein linked receptor family 

and that activation of G-proteins by NT is related to 
elevation of [Ca2+]i via activation of phospholipase C 3. 

Our finding of Ca 2+ mobilization from the intraceilular 
Ca 2+ store due to NT does not conflict with these 

reported characteristics of NT receptors. 

An electrophysiological study involving cortical slices 

from adult rats has indicated that cortical neurons 
activated by NT show desensitization of long duration 

and that reactivation of the same neurons by a further 
application of NT after 20 min washing does not occur 2. 
Desensitization of a long duration was also found in a 

study involving oocytes injected with poly(A) + mRNA 
from rat brain 9. In contrast to these findings, our study 

showed that the desensitization did not continue for a 

long time, because re-application of NT, 4 min after 

transient elevation of [Ca2+]i, failed to cause an increase 
in [CaZ+L in some cells, but caused such elevation in cells 

which had been washed for 15 rain. The discrepancy 
between our and other studies is attributed to the 

different ages of the rats used: we used neonatal cerebral 
cortex and the others used adult cortex. Accordingly, it 

may be concluded that the nature of the NT receptor 

which appears transiently in the cerebral cortex is 
different from that in adults. 

We further showed that NN also increased [Ca2+]i in 
primary cultured cortical cells from neonatal rats. With 
regard to elevation of [Ca2+]i, the property of NN is quite 

similar to that of NT. The coexistence of NT and NN is 
easily supposed, because they originate from the same 
precursor 6'~1. In addition, Checler et al. 5 have reported 
the possibility that NN binds to NT receptors. Our study 
provided evidence rupporting this and further clarified 
the character of the interaction between NT and NN at 
the postsynaptic level, as described below. As shown in 
Fig. 4A, cells once activated by NT or NN were 
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re-act ivated by NN or NT, respectively.  There were no 

cells in which the [Ca2+]i change was first evoked by NT 

or  NN but not  react ivated on re-appl icat ion of NN or  NT 

after washing for 15 min, respectively. These findings 

suggest that  NT and NN, which are released from the 

same terminals ,  acted on the same target  cells, particu- 

larly in the neonata l  rat  cerebral  cortex. In addit ion,  as 

shown in Fig. 4B, re-appl icat ion of  NN or  NT immedi-  

ately after  t ransient  elevat ion of [Ca2+]i evoked by NT or 

NN, respectively,  failed to cause an increase in [Ca2+]i in 

the same cells, but after washing for 10 min they both did. 

These findings revealed the occurrence of an interaction 

between NT and NN at the postsynaptic  level. Possible 

in terpre ta t ions  are as follows. (1) NT and NN bind to the 

same receptor  and subsequent  applicat ion fails to mobi-  

lize Ca 2+ because of  desensit ization of receptors  of a 

short  durat ion.  (2) NT and NN bind to different  

receptors ,  but  there  is an interaction between the 

receptors ,  for example ,  the N T - N T  receptor  complex 

might inhibit  NN binding to the NN receptor .  (3) NT and 

NN bind to different  receptors  sharing the same intra- 

cel lular  mechanisms,  and reappl icat ion of NN or  NT fails 

to e levate  the [Ca2+]i because almost  all the Ca 2÷ ions 

have a l ready been mobil ized from the intracellular  Ca 2+ 

store by the first appl icat ion of NT or  NN, respectively;  

or  (4) because the substances which media te  the signal 

t ransduct ion from the receptor  to the intracellular  Ca 2+ 

store are exhausted transiently.  As no conspicuous 

changes of  [Ca2+]i were observed from when we reap-  

plied NN or  NT until the cells had responded  to the final 
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applicat ion of NN or  NT, the intracellular  Ca 2~ had 

al ready been sequestered before  the reappl icat ion of NN 

or NT. Therefore  it is difficult to accept case (3). We 

cannot complete ly  rule out the possibil i ty of case (2), but 

NT and NN gave the same results when we exchanged 

them for each other ,  and they always act on the same 

cells and they are structural ly re la ted  substances,  so case 

(1) is the most probable .  Namely,  our findings suggested 

that NT and NN act on the same receptor ,  though we 

cannot rule out  the possibil i ty of  case (4). 

Litt le is known about  the functions or origins of NT 

and NN in neonatal  rats. The existence of a ventral  

tegmental  a r ea -p re f ron ta l  cortex pathway has been 

demonstrated21,24. However ,  the number  of NT positive 

cells in the ventral  tegmental  area  increases during the 

postnatal  per iod  and reaches a p la teau level which is 

mainta ined in the adult  rat  s. As  the NT-binding sites 

appear  transiently in the cortex 13, o ther  NT-posi t ive cells 

which appear  t ransient ly during deve lopment ,  for exam- 

ple, NT cells in the re t rosplenia l  (poster ior  cingulate) 

cortex s'ls, are more  suitable candidates  as the cells of 

origin. Fur ther  studies are needed  to address  this prob-  

lem. 
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