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ABSTRACT. Stathmin is a member of a family of proteins believed to play important roles in neural

development. In the current study, expression of stathmin forms in rat brain was examined from day 15

of gestation through the neonatal period and into adulthood. Placental stathmin also was analyzed. Un-

phosphorylated and phosphorylated forms of stathmin in the brain are highest in the late fetal and early

neonatal period. Placenta expresses some larger stathmin-like proteins, but none of the 19 kilodalton forms

of stathmin. The results show that stathmin is greatly elevated during a period of rapid brain growth and

development, suggesting that stathmin plays a regulatory role in development. The functional significance

of the unique pattern of stathmin-like proteins expressed by the placenta is unclear at this time.
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Stathmin is a cytosolic phosphoprotein be-

lieved to be involved in intracellular signaling

(Sobel 1991). Though found in almost all tis-

sues, stathmin is expressed most highly in the

nervous system (Amat et al. 1991; Doye et al.

1992; Koppel et al. 1990; Maucuer et al.

1993; Schubart 1988; Sugiura & Mora 1995).

It is a member of a family of proteins that in

mammals includes SCG10 (Anderson & Axel

1985; Stein et al. 1988), SCGlO-like protein

(SCLIP) (Ozon et al. 1998) and RB3 (Ozon
et al. 1997). These latter family members are

almost exclusively expressed in neural tissue

(Ozon et al. 1997; Ozon et al. 1998). The ex-

pression of stathmin and family members in

neural tissue supports a regulatory role for

these proteins in development of the nervous

system. Though it is likely that members of

the stathmin family have overlapping func-

tions, they probably play distinct regulatory

roles in neural development, given their dif-

ferences in distribution within the nervous

system (Ozon et al. 1997; Ozon et al. 1998),

developmental expression (Amat et al. 1991;

Anderson & Axel 1985; Doye et al. 1992;

Koppel et al. 1990; Maucuer et al. 1993; Ozon
et al. 1997; Ozon et al. 1998; Schubart 1988;

Sugiura & Mora 1995) and cytosolic vs. mem-
brane localization (Anderson & Axel 1985; Di

Paolo et al. 1997; Ozon et al. 1997; Ozon et

al. 1998; Sobel 1991).

Several reports (Amat et al. 1991; Doye et

al. 1992; Koppel et al. 1990; Maucuer et al.

1993; Schubart 1988; Sugiura & Mora 1995)

have suggested that stathmin expression in the

brain is high in the late embryonic and early

neonatal period, and then declines into adult-

hood. Ozon et al. (1998) have demonstrated

that expression of stathmin mRNA increases

in the rat brain from day 16 of gestation to a

peak in the early neonatal period and then de-

creases toward adulthood. The study also

showed that expression of SCG10 mRNA fol-

lowed a similar developmental pattern in the

brain. In contrast, SCLIP and RB3 mRNAs
did not decline after the neonatal period.

In the current study, we have examined the

forms of stathmin expressed in the brains of

embryonic, neonatal and pregnant-adult rats

and in rat placenta. The data confirm that

stathmin is highest in the late embryonic and

early neonatal period. Furthermore, the data

suggest that the placenta expresses larger

stathmin-like proteins, but few if any 19 kil-

odalton (kDa) forms of stathmin.

METHODS
Animals/tissues.—Tissues were obtained

from Sprague-Dawley rats. Adult animals

weighed between 180-300 g. Brains from a

minimum of five separate animals were
pooled for studies of fetal and neonatal stath-

min. The 10-day preparation was prepared

from multiple placenta-fetus samples taken

from two different pregnant rats. All prepa-

rations from adult animals involved tissues

obtained from at least two separate animals.
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Anti-stathmin antibody.—The anti-stath-

min antiserum was generated in rabbits

against amino-acid residues 32—44 (VPEFPL
SPPKKKD) of rat stathmin (Flurkey et al.

1993; Meyer et. al. 1992). This sequence is

highly conserved among mammalian stath-

mins, but it is less conserved among the stath-

min family members SCG10 (EAPRT-
LASPKKKD), SLIP (PESPVLSSPPKRKD)
and RB3 (VPEFNASLPRRRD). The carboxy-

terminal five amino acids of the fragment used

to generate the antibody are shared by stath-

min and SCG10, so some cross-reactivity is

possible. In the immunostaining procedure,

the antibody was used at a concentration of

1:5000.

Stathmin extraction.—Whole rat brains

were suspended in 3 volumes of an ice-cold

extraction buffer consisting of 100 mM Tris-

HC1, 1 mM phenylmethylsulfonyl fluoride, 10

(xg/mL leupeptin and 0.02% sodium azide at

pH 7.0. The suspension was sonicated using

three 5-sec bursts at a setting of 2.3 on a Bran-

son Sonifier (Branson Ultrasonic Corp., Dan-

bury, Connecticut). The suspension was cen-

trifuged at 800 X g at 4° C for 4 min, and the

supernatant fraction was transferred to a 1.5

mL microfuge tube. Sodium chloride ( 1 M, in

100 mM Tris-HCl, pH 7.0) was added to a

final concentration of 100 mM and the solu-

tion was heated to 100° C for 10 min. The
tubes were placed on ice for 5 min and cen-

trifuged at 12,000 X g for 5 min, and the

stathmin-enriched supernatant fraction was

transferred to a clean 1 .5 mL microfuge tube.

Protein was measured using a colorimetric as-

say (BCA Protein Assay, Pierce, Rockford, Il-

linois).

Electrophoresis.—Samples were analyzed

by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE, Laemmli, 1970)

on 12% polyacrylamide gels (Bio-Rad Labo-

ratories). Samples (35-70 fxg protein) were

combined with an equal volume of 2X SDS
sample buffer (0.125 M Tris-HCl, 4% SDS,
10% 2-mercaptoethanol, 20% glycerol, 0.05%
bromophenol blue, pH 6.8) and heated to 100°

C for 10 min. Electrophoresis was run at a

constant current of 55 mA for approximately

4 h. Proteins in the gels were electrophoreti-

cally transferred (60 V, 1 h) to nitrocellulose

paper (0.22 |xm) using a Trans-Blot Cell (Bio-

Rad Laboratories) (Towbin et al. 1979). Sam-

ples frozen at —70° C were reanalyzed within

2-3 weeks to confirm results.

Immunostaining.—Open sites on the nitro-

cellulose paper were blocked by incubating

the paper in binding buffer (100 mM Tris-

HCl, 0.15 M NaCl, 0.1% BSA, pH 8.0)

containing 5% non-fat dry milk. After three

10-min washes in binding buffer, the nitrocel-

lulose was incubated for 22 h in binding buff-

er containing the anti-stathmin antiserum (1:

5000) (Flurkey et al. 1993; Meyer et. al.

1992). Unbound antibody was removed by
three 10-min washes in binding buffer, and the

nitrocellulose was incubated for 1 h with a

goat anti-rabbit gamma globulin coupled to al-

kaline phosphatase (Sigma Chemical Compa-
ny, St. Louis, Missouri). Unbound antibody

was removed by three 10-min washes in bind-

ing buffer, and the alkaline phosphatase was
detected using the BCIP/NBT (Pierce Chem-
ical Co., Rockford Illinois).

Density analysis.—Immunostained bands

were scanned using an Arcus II scanner and

were quantified using the ONE-Dscan pro-

gram (Scanalytics). Relative stathmin units

were calculated by comparing the optical den-

sities of the samples to those of aliquots (5 |jl1,

7.5 |jl1 and 15 u,l) of purified stathmin.

RESULTS

The results show that brain stathmin levels

increase from late gestation to the early neo-

natal period and then decline in older animals

(Fig. 1). High levels were present in brains

obtained from rats at 2, 5 and 10 days after

parturition. Most of the stathmin migrated

with a molecular weight of approximately

19,000 (Fig. 1), consistent with unphosphor-

ylated and less-phosphorylated forms of stath-

min. However, higher molecular-weight forms

(23-24 kDa), consistent with highly phos-

phorylated stathmin, were observed in brains

taken from all fetal and neonatal rats. Lower
stathmin levels were found in extracts pre-

pared using brains obtained from nulliparous

adult rats and higher molecular-weight forms

were not detected (Fig. 1 ).

No 1 9 kDa forms of stathmin were detected

in placental/fetal tissue from a 10-day preg-

nant rat. A single 23 kDa protein was detected

using the antibody. Fetal and placental tissues

could not be reliably separated at this stage of

gestation, so the preparation contained ele-

ments of both. However, the high molecular
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Figure 1.—Extracts (70 |xg protein) from rat brain and placenta were analyzed by SDS-PAGE and

immunostaining. Samples analyzed were placenta and fetus at 10-days gestation (10d-F)., brains from

fetuses at 15 (15d-F) and 18 (18d-F) days of gestation, brains from neonates at 2 (2d-F), 5 (5d-F), 10

(lOd-F) and 15 (15d-F) days after parturition, and brain from an adult female (A). Each fetal and neonatal

sample represents a minimum of five brains. The numbers at right show the positions of MW standards.

weight protein is likely of placental origin, be-

cause placenta accounted for most of the tis-

sue at this stage.

Stathmin was present at a high concentra-

tion in brains obtained from fetal rats at 20-

days gestation, the expected day of parturition

(Fig. 2). Immunostaining of proteins from the

20-day fetus was considerably greater than

that of proteins from the 1 0-day placental/fetal

preparation, a preparation that also is present-

ed in Fig. 1 for comparison. Based on its

staining relative to the 10-day placental/fetal

preparation, the 20-day fetal brain (Fig. 2)

contained stathmin at levels comparable to

those found in the 2-day neonatal animal (Fig.

1). Higher molecular-weight forms of stath-

min in the 20-day fetal brain also were similar

to those detected in the brain of the 2 day

neonate.

Brain from a 20-day pregnant rat showed
almost equal amounts of immunostaining at

19 and 23 kDa (Fig. 2). The appearance of a

23 kDa band is interesting, because no com-
parable protein was detected in the adult nul-

liparous animals. The 23 kDa protein ap-

peared to correspond with one of the higher

molecular-weight proteins immunostained in

extracts from the 20-day fetal brain, 20-day

placenta and the 10-day placenta/fetus. The
extract from the 20-day placenta did not show

evidence of 19 kDa forms of stathmin, in

agreement with results obtained with the 10-

day placenta/fetus. A 30 kDa protein also was

identified in the 20-day placenta.

The immunostained bands in Fig. 2 were

analyzed using the ONE-Dscan program
(Scanalytics) to obtain an estimate of inte-

grated optical density. The optical densities

were then compared to those of different

amounts (5 uJ, 7.5 pJ and 15 \±\) of a purified

stathmin (Fig. 2), so that staining could be ex-

pressed as arbitrary stathmin units. As shown
in Table 1, brain tissue from the 20-day fetus

contained approximately 10 times as much
stathmin-like substance, most of which mi-

grated as a 19 kDa protein(s).

DISCUSSION

The data show that expression of stathmin

protein in the rat brain is highest in the late

fetal and early neonatal period and then de-

clines into adulthood. In fact, brain stathmin

peaks in the period encompassed by day 20

of gestation to day 2 after parturition. This

developmental pattern closely parallels that

reported (Ozon et al. 1998) for expression of

stathmin mRNA in rat brain. The results also

are consistent with data from earlier studies

(Amat et al. 1991; Doye et al. 1992; Koppel

et al. 1990; Maucuer et al. 1993; Schubart
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Figure 2.—Extracts (35 (xg protein) from rat brain and placenta were analyzed by SDS-PAGE and

immunostaining. Samples analyzed were brain (Adult Brain 20d) and placenta (Placenta 20d) from a 20-

day pregnant rat, placenta and fetus at 1 0-days gestation (Placenta/Fetus lOd), brains from fetuses at 20-

days gestation (Fetal Brain 20d), and 15 [xl, 7.5 |xl and 5 (xl of a purified stathmin preparation. The
numbers at left show the positions of MW standards.

1988; Sugiura & Mora 1995) showing higher

levels of stathmin in brains from neonatal an-

imals.

Larger (> 19 kDa) stathmin-like proteins

were identified in nearly all brain extracts.

Most of these forms probably represent phos-

phorylated stathmin, because it has been dem-

Table 1.—Stathmin in brain and placenta.

Stathmin

Stathmin amount
forms (relative

Tissue (MW, kDa) units) 1

Brain

20 Day Pregnant 19 1.8

23 1.4

19 17.6

23 1.4

24 0.9

20 Day Fetus 27 0.02

Placenta

23 0.8

20 Day 30 1.3

10 Day 23 0.8

1 Units expressed relative to immunostaining of a

purified stathmin (see Methods).
2 Band could not be accurately quantified by the

ONE-Dscan program (Scanalytics).

onstrated previously (Beretta et al. 1993; Car-

dinaux et al. 1997; Chneiweiss et al. 1989;

Chneiweiss et al. 1992; Doye et al. 1992) that

brain contains phosphorylated forms of stath-

min that migrate with apparent molecular

weights of 21,000-25,000. Though larger

forms were not detected in a nulliparous adult

female rat, the phosphorylated forms likely

were present, but at low levels. A 30 kDa
form(s) identified in placenta from a 20-day

pregnant rat is larger than would be expected

for phosphorylated stathmin. This form might

represent one of the stathmin-related proteins

such as SCG10, SLIP or RB3. The most likely

candidate would be SCG10 since this protein

shares some homology with stathmin in the

region of the molecule used to generate the

anti-stathmin antibody (please see Methods),

and SCG10 is present at a relatively high con-

centration in brain. However, SCG10 usually

migrates with an apparent molecular weight

less than 30,000 (Ozon et al. 1997). Using an

anti-RB3 antiserum, Ozon et. al. (1997) re-

ported unidentified "X" proteins that migrate

with an apparent molecular weight of 30,000.

Hence, the 30 kDa protein could be a yet un-

identified stathmin-like protein, perhaps relat-

ed to RB3.

No 19 kDa stathmin forms were detected in
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placenta. The smallest form detected in pla-

cental tissue obtained at 10 and 20 days of

gestation was approximately 23 kDa. Interest-

ingly, a similar-sized protein was prominent

in the brain obtained from a 20-day pregnant

animal. The dearth of 19 kDa forms of stath-

min in placenta may suggest that placental en-

zymes actively phosphorylate stathmin. Alter-

natively, the protein immunostained at 23 kDa
may represent SCG10 or other stathmin-relat-

ed protein. In any case, it is remarkable that

a tissue undergoing growth and development

contains so little unphosphorylated stathmin.

In summary, the results show that expres-

sion of stathmin in brain is highest close to

the time of parturition. The data also show
that the pattern of "stathmin" forms ex-

pressed by placental tissue differs from that in

brain.

LITERATURE CITED

Amat, J.A., K.L. Fields & U.K. Schubart. 1991.

Distribution of phosphoprotein pi 9 in rat brain

during ontogeny: Stage-specific expression in

neurons and glia. Developmental Brain Research

60:205-218.

Anderson, D.J. & R. Axel. 1985. Molecular probes

for the development and plasticity of neural crest

derivatives. Cell 42:649-662.

Beretta L., T Dobransky & A. Sobel. 1993. Mul-
tiple phosphorylation of stathmin. Identification

of four sites phosphorylated in intact cells and in

vitro by cyclic AMP-dependent protein kinase

and p34cdc2. Journal of Biological Chemistry

268:20076-20084.

Cardinaux, J.-R., P.J. Magistretti & J.-L. Martin.

1997. Brain-derived neurotrophic factor stimu-

lates phosphorylation of stathmin in cortical neu-

rons. Molecular Brain Research 51:220-228.

Chneiweiss H., L. Beretta, J. Cordier, M.C. Bout-

terin, J. Glowinski & A. Sobel. 1989. Stathmin

is a major phosphoprotein and cyclic AMP-de-
pendent protein kinase substrate in mouse brain

neurons but not in astrocytes in culture: Regu-

lation during ontogenesis. Journal of Neuro-

chemistry 53:856-863.

Chneiweiss H., J. Cordier & A. Sobel. 1992. Stath-

min phosphorylation is regulated in striatal neu-

rons by vasoactive intestinal peptide and mono-
amines via multiple intracellular pathways.

Journal of Neurochemistry 58:282-289.

Di Paolo, G., R. Lutjens, V. Pellier, S.A. Stimpson,

M.A. Beuchat, M. Catsicas & G. Grenningloh.

1997. Targeting of SCG 1 to the area of the Gol-

gi complex is mediated by its NH
2-terminal re-

gion. Journal of Biological Chemistry 272:5175-

5182.

Doye, V., S. Le Gouvello, T. Dobransky, H. Chne-

iweiss, L. Beretta & A. Sobel. 1992. Expression

of transfected stathmin cDNA reveals novel

phosphorylated forms associated with develop-

mental and functional cell regulation. Biochem-

ical Journal 287:549-554.

Doye, V., O. Kellerman, M.-H. Buc-Caron & A.

Sobel. 1992. High expression of stathmin in

multipotential teratocarcinoma and normal em-
bryonic cells versus their early differentiated de-

rivatives. Differentiation 50:89-96.

Flurkey, W.H., D.A. Prentice, M.T Fox & J. P.

Hughes. 1993. Stathmin in mung bean leaves

and rat brain. Biochemical and Biophysical Re-

search Communications 196:589-595.

Koppel, J., M.-C. Boutterin, V. Doye, H. Peyro-

Saint-Paul & A. Sobel. 1990. Developmental

tissue expression and phylogenetic conservation

of stathmin, a phosphoprotein associated with

cell regulations. Journal of Biological Chemistry

265:3703-3707.

Laemmli, U.K. 1970. Cleavage of structural pro-

teins during assembly of bacteriophage T4. Na-

ture 227:680-685.

Maucuer, A., J. Moreau, M. Mechali & A. Sobel.

1993. Stathmin gene family: Phylogenetic con-

servation and developmental regulation in Xen-

opus. Journal of Biological Chemistry 268:

16420-16429.

Meyer, N., D.A. Prentice, M.T. Fox & J. P. Hughes.

1992. Prolactin-induced proliferation of the Nb2
T-lymphoma is associated with protein kinase-C-

independent phosphorylation of stathmin. Endo-

crinology 131:1977-1984.

Ozon, S., T Byk & A. Sobel. 1998. SCLIP: A
novel SCGlO-like protein of the stathmin family

expressed in the nervous system. Journal of Neu-

rochemistry 70:2386-2396.

Ozon, S., A. Maucuer & A. Sobel. 1997. The stath-

min family: Molecular and biological character-

ization of novel mammalian proteins expressed

in the nervous system. European Journal of Bio-

chemistry 248:794-806.

Schubart, U.K. 1988. Expression of phosphopro-

tein pi 9 in brain, testis, and neuroendocrine tu-

mor cells: Developmental regulation in rat brain.

Journal of Biological Chemistry 263:12156-

12160.

Sobel, A. 1991. Stathmin: A relay phosphoprotein

for multiple signal transduction? Trends in Bio-

chemical Science 16:301-305.

Stein, R., N. Mori, K. Matthews, L.C. Lo & D.J.

Anderson. 1988. The NGF-inducible SCG 10

mRNA encodes a novel membrane-bound pro-

tein present in growth cones and abundant in de-

veloping neurons. Neuron 1 :463-476.

Sugiura, Y. & N. Mora. 1995. SCG 10 expresses

growth-associated manner in developing rat

brain, but shows a different pattern to pl9/stath-



40 PROCEEDINGS OF THE INDIANA ACADEMY OF SCIENCE

min or GAP-43. Developmental Brain Research and some applications. Proceedings of the Na-
90:73-91

.

tional Academy of Science USA 76:4350-4354.

Towbin, H., T. Staehelin & J. Gordon. 1979. Elec-

trophoretic transfer of proteins from polyacryl- Manuscript received 12 March 2001, revised 4 Oc-

amide gels to nitrocellulose sheets: Procedure tober 2001.


