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ABSTRACT

A peptide nucleic acid (PNA) antisense for the AUG
translation initiation region of prepro-oxytocin mRNA
was synthesized and coupled to ar etro-inverso peptide
that is rapidly taken up by cells. This bioconjugate was
internalized by cultured cerebral cortex neurons within
minutes, according to the specific property of the
vector peptide. The PNA alone also entered the cells,
but more slowly. Cell viability was unaffected when the
PNA concentrations were lower than 10 UM and
incubation times less than for 24 h. Magnocellular
neurons from the hypothalamic supraoptic nucleus,
which produce oxytocin and vasopressin, were cultured

in chemically defined medium. Both PNA and vector
peptide—PNA depressed the amounts of the mRNA
coding for prepro-oxytocin in these neurons. A
scrambled PNA had no effect and the very cognate
prepro-vasopressin mRNA was not affected. The
antisense PNA also depressed the immunocytochemical
signal for prepro-oxytocin in this culture in a dose- and
time-dependent manner. These results show that
PNAs driven by the retro-inverso vector peptide are
powerful antisense reagents for use on cells in culture.

INTRODUCTION

concentrations and, in some cases, increased actiyity. (
Chemical modifications of the oligodeoxynucleotide backbone
also increase the resistance to nucleases while preserving the
biological activity @).

A new type of DNA analogue, a peptide nucleic acid (PNA),
was designed recently by Nielset al (8). In PNA, the
phosphodiester backbone of DNA or RNA is replaced by a
homomorphous backbone consisting\¢®-aminoethyl)glycine
units bearing the nucleobases attached through methylenecarbonyl
linkers. PNAs are resistant to proteases and nucleases and thus
much more stable in cells than is DNA and RN\ PNAs also
bind DNA and RNA more tightly than the natural nucleic acids
bind to each other, while retaining and even improving the
sequence specificityl(). PNAs are very potent moleculés
vitro (11-14) but were believed to be poorly transported across
cell membranesl@,15) until a recent paper demonstrated their
internalization {6). To date, only PNAs microinjected into living
cells have had any biological effedtl(17), except for theiin
vivo effect on the brain after intracerebral administratic). (

The present report describes the uptake and action of an
antisense PNA coupled taedro-inversovector peptide that is very
rapidly taken up by cells1Q). The target of this PNA is
prepro-oxytocin mRNA. The neuropeptide oxytocin is synthesized
in the brain essentially by the magnocellular neurons of the
hypothalamic paraventricular and supraoptic nuclei. There are two

The antisense oligodeoxynucleotides are promising tools f6PeS of magnocellular neurons in the hypothalamus, present in
manipulating gene function and may provide new ways dPughly equal proportions; one produces oxytocin and the other
treating hereditary, viral and cancer diseases. They inhibit geM@sopressin. These neuropeptides are released into the bloodstrear
expression by binding to a complementary mRNA sequence, §6m the neurohypophysial terminals of the magnocellular

preventing the translation of this RNA into a protelr3j.

neurons to exert multiple peripheral hormonal actions. Both

However, their efficacy is limited by their poor uptake by cellgoeptides also act as neurotransmitters or neuromodulators in the

and their rapid degradation by nucleaséss)( Chemical

central nervous system. In the brain, oxytocin is particularly

modifications that increase their lipophilicity, such as conjugatioactive in controlling maternal and sexual behaviour, but most of
to cholesterol and lipids, have led to increased intracellulats central actions remain unclear, particularly in mal€sZ?2).
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An antisense molecule that can depress oxytocin synthesis would bee 1 Ra1a-[ATG GG TTG GG TTC A]-Lys-CO-NH-CH, ~CH, ~$K

a valuable tool for studying the multiple actions of this neuropeptide. antisense PNA
This paper demonstrates that the vector peptide—PNA conjugate

crosses the neuron membrane within minutes and specifically , Rala-tye-zala B

depresses the amount of its target mRNA in cultured magnocellular antisense PNA

oxytocin neurons. The nude PNA is also sufficiently well taken

up by the magnocellular neurons to reduce the amounts of both

the complementary mRNA and the resulting protein. P3 @aa-tyo-fala-[AIG G0C 10 GT0 TG A]-byo-co-Ni-CH -Ci,-sk

antisense PNA

MATERIALS AND METHODS

[ Lys-Lys-Trp-Lys-Met-Arg-Arg-Asn-Gln-Phe-Trp-Val-Lys-Val-Gln-Arg |

retro-inverse vector peptide

Materials

TentaGell resin was purchased from Rapp Polymere (Tubingen, _., SLa-Lye-ahLa-[GTA BT 555 CT G55 T]-Lys-co-i-ca, <, st
Germany), Boc-Lys(Z)-OH and Fmd@Ala were from scrambled PNA ’
Novabiochem AG (Laifelfingen, Switzerland). The chemicals for

peptide synthesis were as described previodSlyfFmoc-protected ‘

p-amino acids were obtained from Miligen (Millipore, Bedford, Figure 1. Structure of the different PNAs (compounds P1, P2, P3 and sP2)
MD), except Fmocp-Asn(Trt), Fmoc p-GIn(Trf) and Fmoc SYntnesizedin the study.

pD-Arg(Pmc), which were purchased from Bachem (Budendorf,

Switzerland). The cell biology chemicals were purchased from | . . o

Sigma (St Louis, MO), Boehringer (Mannheim, Germany) or MercRridge with tris(2-carboxyethyl)phosphine in acetate buffer, pH
(Darmstadt, Germany), unless otherwise indicated. Neurbasaft-> €327), ending the PNA with a cysteamide group available
medium, B27 supplement, fetal bovine serum and Hanks’ balanctf future couplings and not used in the present study. The
salt solution (HBSS) were obtained from Life Technologies (CergyPmpounds were purified by preparative HPLC on a Wdac C8
Pontoise, France). Biotinylated sheep anti-mouse antibody afglumn (208 TP 152022; Hesperia, CA). Analytical HPLC was
streptavidin—peroxidase complex were from Amersham (UK)performed on Gilson equipment (Villiers-Le-Bel, France) with a
The anti-oxytocin/neurophysin PS38 monoclonal antibody wasgrownlee aquapore RP-300 (C8,u, 220x 4.6 mm) or a

gift from David Pow (University of Queensland, Australia). ~ SPheri-5 RP 18 (im, 220x 4.6 mm) column for quality control.
MALDI-TOF and electrospray mass spectra were recorded on

PNA svnthesis MALDI Voyager XL (Framinghan, MA) and Fisons VG Trio

y 2000 (Manchester, UK) spectrometers: P1, 4670.7 (calculated
The sequence of the PNA (MATG GCG TTG GTG TTC 4670); P2 and sP2, 5099.53 (calculated 5100.15); P3, 7304
A-COOH) was chosen on the sequence of rat prepro-oxytoc{aalculated 7300.9). The amino acid sequence of the peptide
mRNA (GenBank/EMBL accession no. X59496, nucleotidegnoiety of P3 was verified on a Perkin Elmer Procise protein
2517-2532) using CPrimer 1.09 (G.Bristol and R.D.Andersersequencer (Foster City, CA).
University of California, Los Angeles, CA) and Amplify 1.2
(W.Engels, University of Wisconsin, Madison, WI) software. ANeuronal cultures
scrambled sequence (MGTA ATT GCG CGT GGT T-COOH)
was derived. BLAST software (NCBI, Bethesda, MD), atWistar rats were used in accordance with the European laws
maximal sensitivity, was used to check that the PNA and thgoverning the care and use of experimental animals. The primary
scrambled PNA did not match significantly any other knowrcultures of cerebral cortex neurons were prepared from the
RNA or DNA sequence. Z-Lysine was first coupled to thecerebral hemispheres of E17 rat embryos. The hemispheres were
TentaGell resin using a disulphide anchoring linkage (aminoethytemoved aseptically, carefully freed from meninges and dissociated
dithio-2-isobutyric acid) to prevent self-association of the PN ( in 4 ml HBSS supplemented with 1 mM sodium pyruvate, 10 mM
Boc-protected PNA monomers of thymine, Z-cytosine, Z-adenind EPES, DNase | (8Qg/ml, 176 U/ml), penicillin (100 1U/ml),
and 60-benzylguanine, synthesized by solid phase synthesis, wesgeptomycin (10@ug/ml), by several passages through a Pasteur
coupled stepwise to form an oligomer by solid phase syntéis ( pipette whose tip diameter was gradually fire reduced. The cell
The 16mer PNA was finished by coupling successifleMa,  suspension was then left for 10 min to allow DNase | action,
p-biocytin [obtained by coupling-Fmoc-Lysg€-NH2)OH with  transferred to 8 ml Neurobasal medium containing 10% fetal
N-succinimidyl-(+)biotin] ang3-Ala. The vector peptide—PNA was bovine serum and centrifuged for 2 min at jQCells were
built using the protected resin-bound PNA as starting material amesuspended in 3 ml culture medium (Neurobasal medium, B27
coupling Fmoam-amino acids stepwise by the solid phase protocdbupplement, 0.5 mM glutamine, 40 mM NaCl) supplemented
using 2-(H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetra-with 25 uM glutamate and seeded in 4-well plates (with or
fluoroborate as activating reagefd). The peptide side chains without glass coverslips, 200 000 or 50 000 cells/well) or into
were deprotected using trifluoroacetic acid (13.5 ml) an@®6-well plates (100 000 cells/well). All the wells were first coated
ethanedithiol (0.6 ml), thioanisole (0.6 ml), triisopropylsilanewith poly-p-lysine (50ug/ml), then with 10% fetal bovine serum
(0.6 ml), water (0.3 ml) and phenol (0.3 g) as scavengers. Tlrephosphate-buffered saline (PBS) and contained culture medium.
Z-group protection of cytosine and adenine was removed by tAée plates were incubated af&7in a humidified atmosphere of
low-trifluoromethanesulfonic acid protocdl). The PNAs and 5% CQ/95% air. The culture medium was changed after 4 days
vector peptide—PNA (compounds P1, P2, sP2 and P31)Fig. to remove the glutamate and then half volumes were replaced
were released from resin by reductive cleavage of the disulphitigice a week. The culture containg@s% neurons.
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The supraoptic nuclei of 30-50 2-day-old rats were asepticallyiotinylated and thus does not interfere with immunocytochemistry.
microdissected out and incubated for 20 min at room temperatuf@e compound was incubated with the cells in culture medium for
in dissection medium (4 ml HBSS, 1 mM sodium pyruvate4—24 h ending on 5 days of culture. The incubation medium was
10 mM HEPES, 100 IU/ml penicillin, 1Q8g/ml streptomycin) then removed, the cells washed with culture medium and the
plus DNase | (0.5 mg/ml, 1100 U/ml), protease X (1 mg/micoverslips processed for immunocytochemistry and image analysis.
40 U/ml) and protease XIV (1 mg/ml, 5.6 U/ml). The nuclei wereThe viability of the cells after incubation with PNA was assessed
then rinsed four times with dissection medium, left for 15 min irusing fluorescein diacetate and propidium iodiet.(
the last wash and transferred to 6 ml of culture medium for gentle
mechanical dissociation by a few passages through a pipette. TRéverse transcription and PCR

cells were centrifuged for 8 min at g0gently resuspended in . .
culture medium, layered in 4-well plates onto a 1-week-old he reverse transcription was performed on total RNA (digested

culture of cortical neurons and cultured for 3—28 days. The cultuféth DNase [ Life Technologies) using Superscript reverse
medium was changed by half volumes twice a week. For eabignscriptase (!_|fe Technologies) according to the manufacturer’s
culture experiment, the number of oxytocin-positive cells waStructions, with RNasin (Promega, Charbonniéres, France) as

counted on a control coverslip 4 h after seeding and used RNase inhibitor. The reverse primer used for reverse transcription

normalize the semi-quantitative immunocytochemical study¥@S Specific for both oxytocin and vasopressin, i.e. covering a
performed 5 days later, egion of the prepro-oxytocin mRNA and prepro-vasopressin

MRNA sequences that are identical (sequeh€@C3T CCG CTT
' ' _ CCG CAA GGC TTC TGG C-3 GenBank/EMBL accession
Incubation of cells with PNA or vector peptide—PNA no. X59496, nt 3013-3037 for oxytocin and 13760-13784 for
. vasopressin).
The uptakes of PNA, scrambled PNA and vector peptide-PNA The prepro-oxytocin and prepro-vasopressin mRNAs were
(compounds P2, sP2 and P3, respectively) by cortical neuroggpjified using MJ Research PTC-100/60 or PTC-150/16
cultured in either 4- or 96-well plates were measured. Thgermal controllers (Watertown, MA) and Taq DNA polymerase
biotinylated compounds were dissolved in culture medium ang jte Technologies) according to the manufacturers’ instructions.
incubated with the cultured neurons for 3 min to 2 days (all endinge settings were 3—1 reverse transcription product, 25-35
at 5 days in culture) at 0.1-B0/. The incubation medium was cycles, 60's denaturation at@} 30 s annealing at 62 and 90
then removed, the cells washed with culture medium and fixedayiension at 7Z. The forward primer was-ETG CCC CAG
with ethanol/glacial acetic acid (95:5 v/v) for 10 min at*@0  1cT cGgC TTG-3 for oxytocin (GenBank/EMBL accession
For light microscopy, the coverslips were washed three times, x59496 nt 2536-2553) anti BCG CCA TGA TGC TCA
with PBS, flooded for 10 min with PBS containing 5% bovineaca cTA C-3 for vasopressin (GenBank/EMBL accession
serum albumin (PBS/BSA) and incubated &€ 4or 16 h with 4 x59496, nucleotides 15203—15224). The reverse primer was
streptavidin—peroxidase complex (diluted 1:200 in PBS/BSA}ne same for both amplifications{6CG AGG GCA GGT AGT
They were then washed three times in PBS and incubated 96T cc-3 GenBank/EMBL accession no. X59496. nt
15 min with 0.05% 3,3diaminobenzidine (DAB) containing 29813000 for oxytocin and 13797—13816 for vasopressin). The
0.01% HO, in PBS. Finally, the coverslips were washedinyron hetween the forward and reverse primers ensures rejection
thoroughly with PBS, dehydrated and mounted in Entellag¢ any genomic DNA which could have resisted the DNA
(Merck, Darmstadt, Germany). digestion preceding reverse transcription. The PCR products
Semi-quantitative assays of uptake were done on 96-well plaigre electrophoresed on a 2% agarose gel in TAE buffer (40 mM
treated as above with streptavidin—peroxidase complex and washgft_scetate, 1 mM EDTA, pH 8) containing Pd/ml ethidium
three times with PBS. The plates were then read at 405 nm inygymide and the bands digitized under UV light. The lengths of
Dynatech MRS000 plate reader, incubated with DAB for 15 minye pCR products were as expected (245 nt for oxytocin, 258 for
washed three times with PBS and read again. The corrections for%opressin). The specificity of the DNA bands obtained by PCR
absorbance of cells, non-specific adsorption of the compounds afds z1so verified by digesting the PCR products witrel
non-specific staining were made by comparing empty wells andstriction enzyme (Life Technologies): the lengths of the main
wells containing cells with or without incubation with the fragments were as expected (91 nt for oxytocin, 157 for
biotinylated compounds, before and after incubation with DABy asopressin). '
Each experimental value is the mean of triplicate determinations.Tne sequence recognized by the antisense PNA was chosen in
The final data are the means of three experimental values obtaingds position with respect to all the primers used in reverse
with three cell cultures performed on different days. transcription and PCR to avoid any interference with the RT-PCR
The effect of PNA, scrambled PNA and vector peptide-PNAy, pNA - co-purified with the RNA. We also checked that

(compounds P2, sP2 and P3, respectively) on the prepro-oxytogii-romolar concentrations of PNA had no effect on the RT and
mMRNA in supraoptic magnocellular neurons cultured over a laygfcR reactions.

of cortical neurons in 4-well plates without glass coverslips was
studied. The compounds were incubated with the cells in cultu ; ; -
medium for a 30 min to 24 h period, ending on 5 days of CuIturé&munocytochemlstry and image analysis
The incubation medium was then removed, the cells were wash€de cultured supraoptic neurons were fixed with 4% para-
with culture medium and the total RNA immediately extractedormaldehyde in 0.1 M sodium phosphate buffer, 15% picric acid
using an RNeasy kit (Qiagen, Courtaboeuf, France). for 20 min at room temperature. The coverslips were then washed
The effect of PNA on the immunocytochemical signal forthree times with PBS, flooded for 10 min with PBS/BSA and
prepro-oxytocin on cultured supraoptic magnocellular neurorigcubated for 16 h at°€ with anti-oxytocin/neurophysin PS38
was studied using compound P1 (Fig. because it is not monoclonal antibody?©) diluted 1:50 in PBS/BSA. They were
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Figure 3. Semi-quantitative analysis of PNA uptake by cerebral cortical
neurons cultured for 5 days in a chemically defined media)24 h uptake

of 3uM nude PNA (compound P2)BY short-term comparative study of the
uptake of 3uM nude PNA (compound P2), scrambled PNA (compound sP2)
and vector peptide—PNA (compound P3). MeaB&M. Two-way analysis of
variance (product versus time) in (B), P3 curve significantly differReqtq.01)

from both P2 and sP2 curves.

Figure 2. Uptake of PNAs by cerebral cortical neurons cultured for 5 days in

a chemically defined mediumA) 10 min andB) 2 h incubation with 3IM

nude PNA (compound P2) showed that PNA can cross the cell membranesf the apical part of the neuronal cytoplasm after only 10 min

f%)) 10hmi” 3”dh'£) 1;‘ i”CUbaﬂ."”&"’i}h M ‘;ecrtlor gﬁfd.e‘PNAh(Compound. 4 incubation with 3uM P2 (Fig. 2A). The labelling increased

showed that the vectorized form of the is much more rapidly . e .

internalized. C) Control labelling (incubation without PNA). Bar in (A) fith. ,markedly t,hereafter and Was_ punctate at hlgh _magnlﬂcatlon (Wh|Ch
is compatible with penetration by endocytosis), and spread over
the entire cell, including the nucleus and neurites @g.2 h

incubation). The vector peptide—PNA (compound P3) was taken

washed three times in PBS, once in PBS/BSA, flooded with thli'eD much more rapidly by the cortical neurons, labelling both the

" . ; ) . : I body and the cell processes within minutes. The signal was
biotinylated sheep anti-mouse antibody (diluted 1:100 in PB 2 . ; X
BSA) for 1 h, washed three times in PBS, once in PBS/BS Iready stronger after 10 min incubation with vector peptide—PNA

: . - : . ig. 2D) than the signal obtained after incubation with the PNA
T%%ateg,gjsr /1ng;lth Ztreptawdlnaper%mdas_,g cdombplex (dilute Io%e fo)r 2h (Fig28)gand it further increased thereafter (g
: n and processed as described above. h incubation). PNA molecules were not taken up on]y by
The immunocytochemical signal obtained with the PS3g. o cells but also by the few remaining astrocytes in the
antibody in magnocellular neurons incubated with PNA Wag e (not shown)
analysed under a Reichert Polyvar light microscope equ'ppe&Maintaining neurbnal cultures af@ for 5 min and then

with a Sony video camera connected to a Macintosh 810 . o
computer running the public domain NIH Image prograrﬁRCUbat'ng them at the same temperature for 10 min with the

(developed at the US National Institutes of Health). Cell imag:§3i0t0r peptide-PNA (compound P3) did not prevent intemalization

- ot shown), which is consistent with the hypothesis of direct
were captured on the blue channel of the digitizer, the mo L) A
sensitive for detecting the DAB brown staining, under standardiz VeQg:%t;%r:igg&%isgﬁe(ﬁ“;:mgrggdeégyttigﬁt'\ﬁQ%Kn:gig;éhe
conditions of light intensity. Cell labelling was measured b . . : . .y .
delimiting the labelled cells and averaging the pixel intensiti leas internalized too slowly for it to be studied by this method

es; . .
e ithout causing cell damage.
the very low mean background staining was measured §}("Ic'jhe semi-quantitative study of cortical neurons cultured in
10 unstained cells of the same coverslip, averaged and subtra & vell plates confirmed that PNA uptake by cultured neurons
from the crude values to give the individual mean cell labellin P P y

o latively rapid and was maximal(iB h (Fig.3A). The
values. The results were expressed as the distribution of th as re . .
values, after normalization using the number of oxytocin-positiv ctior peptide-PNA (compound P3) penetrated more rapidly

magnocellular neurons seeded in the 14 mm wells at each cultu ahr:: eiﬁétiglr? ?Ei g(?fg;qg%zggsthzzﬂﬁq%d cifvze) sito tthh% sézar:}:ti(r)r;]olar
The final results are the means of three different cultures. uptake =A x /(B + 1) (t = time) @0) allowed comparison of the

initial speed of the uptake (equal AB) and showed that the

RESULTS vector peptide increased the speed of PNA internalization
5.6-fold.

Vector peptide—PNA but also nude PNA are internalized by ~ These results were obtained for a wide range of PNA

cultured neurons concentrations (0.1-3(M) and incubation times (10 min—48 h).

Cell viability was monitored in parallel by the green staining of
The experiment was designed to introduce an antisense PNA ifitong cells following fluorescein diacetate uptake and red
cultured cells by coupling it to a vector peptide which crosses the csthining of the nuclei of damaged cells by propidium iodi@g (
membrane. Surprisingly, we found that the PNA alone (compourithe viability of cells incubated with M PNA or vector
P2) was also internalized. The first images showed positive stainipgptide—PNA for up to 1 day was unchanged. Cells incubated
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Figure 4. Development of magnocellular oxytocin neurons cultured in a Prepro-vasopressin mRNA

chemically defined medium. The immunoreactive cells at the onset of culture

(A) rapidly developed neuriteB) (3 days in culture) and increased in size and

labelling intensity D) (5 days in culture) for up to 21 days in cultdie From day ) )

5, stained axons bearing regularly arranged varicosities ran throughout the cultur&igure 5. The effect of PNAs on the prepro-oxytock) @nd prepro-vasopressin
well (F) (21 days in culture); they are characteristic of mature magnocellular (B) MRNA contents of cultured magnocellular neurons. mRNA was detected

neurons. €) Control labelling (PS38 antibody omitted). Bar in (A)i8. by RT-PCR with settings giving a signal roughly representative of the mRNA
content. (A) Control culture (C) showed that\d scrambled PNA (compound

sP2) incubated for 1 or 4 h had no effect on the prepro-oxytocin mRNA content,

. . which, on the contrary, is depressed hy\8 nude PNA (compound P2) and
with 10 UM PNA or vector peptide—PNA for 24-48 h showed by vector peptide—PNA (compound P3) applied for 1 or 4 h. (B) In the same

some damage, which became greater at higher concentrationsuiltures, the prepro-vasopressin mRNA contents did not react to the PNAs. M,
molecular weight scale.

Culture of magnocellular oxytocin neurons

Studies on the biological activity of the antisense molecules dstepwise adjustment thus gave gel images in which the PCR
the target mMRNA and protein required a cell culture proceduigignals roughly reflect the initial prepro-oxytocin mRNA content
providing sufficient well-developed magnocellular oxytocinof the culture wells. Incubation for 1 or 4 h witluB! antisense
neurons. After initial attempts based on published method3NA (compound P2) or vector peptide—PNA (compound P3)
(31=33), successful cultures were obtained by layering enzymatieduced the signal to below control values (6. In contrast,
cally and mechanically dissociated neurons from supraoptiocubation with the scrambled PNA (compound sP2) gave band
nuclei of 2-day-old pups over a layer of cerebral cortex neuroristensities similar to those of the control wells, showing that this
plated 1 week earlier. These conditions gave a 20% immunoreactix@npound had no effect and consequently that the effect of the P2
neuron survival at 5 day§40 neurons/well) (FigdA). These and P3 PNAs was sequence specific (549.
20 um neurons were intensely immunoreactive to the monoclonal This was also checked by exploiting the fact that the supraoptic
anti-oxytocin/neurophysin  PS38 antibody characterized bgucleus has nearly equal numbers of oxytocin and vasopressin
Ben-Baraket al (29) and were thus clearly identifiable at this magnocellular neurons. Amplification of prepro-vasopressin
stage as magnocellular oxytocin neurons (#i). Nearly 50% mRNA in the RNA extracts previously studied for prepro-oxytocin
of these neurons (20 neurons/well) survived thereafter amdRNA showed no change in the amount of prepro-vasopressin
became mature magnocellular neurons (8k), displaying a mMRNA after incubation with PNA (P2), scrambled PNA (sP2) or
strong immunocytochemical signal all over the cell, from the cellector peptide—PNA (P3), confirming that the antisense effects on
body, the thick, short dendritic processes, to the characteristic thire prepro-oxytocin mRNA are specific for the target mMRNA
axon bearing regularly distributed varicosities which ran for a feFig. 5B).
millimetres throughout the culture well (Fi4f). The effects of ~ The effect of PNA (compound P1) on the immunocytochemical
the antisense molecules were studied on 5-day-old cultures. signal in cultures with the PS38 antibody, i.e. on prepro-oxytocin,
was also studied. Incubation for 24 h with increasing concentrations
Antisense molecules affect specifically their target mMRNA ~ Of antisense PNA reduced the number of cells scored as
and protein immunoreactive in each labelling class (Fig). The effect was
visible at IuM and more marked afiBV. It was discernible after
Because of the very small number of oxytocin magnocellulagnly 4 h incubation at BM and reached a maximum afté h
neurons in the 14 mm culture wells, we used reverse transcriptipitubation (Fig6B).
(RT) and PCR to detect the target mMRNA in the total RNA
extracted from the cultures. All the RNA extracts of eaclyscussion
experiment underwent RT-PCR simultaneously with identica
parameters (amount of RT product used, number of cycles)NAs were initially considered to be very potent molecires
These parameters were modified to give several degrees \itro but almost unable to cross the cell membra2glf). The
amplification, ranging from the first appearance to saturation gfresent report clearly shows that nude PNAs are taken up by
the signals. The first lanes to display detectable bands weraltured neurons, as described recently for cultured human
always those of the control wells, incubated with culture mediunmyoblasts 16) and rat neuroris vivo (18). However, conjugation
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of the cell, such as the dendrite%/)( axons 88) or nerve
terminals 89). There, in response to local events, these mMRNAs
can become involved in the rapid synthesis of proteins which
adjust the local cell function to the incoming signalling events.
The almost immediate availability of a PNA at these sites when
it is driven by the vector peptide should be a good way to act on
Control these proteins.
The second aim of the present paper was to show a biological
— T effect of a PNA in living cells without recourse to cell
L2 3 4 5 6 7 8 . .. . . .
Immunocytochemical signal microinjection (as used previoushi1,17), until the effect
(arbitrary unit) recently describeth vivo was observed, where injection of an
antisense PNA into the periaqueductal grey region of the brain
resulted in the specific loss of behavioural responses to neurotensin
and morphineX8). Our target was the synthesis of oxytocin, a
15 neuropeptide mainly involved in milk ejection and uterine
contraction, but also in anterior pituitary, testis and ovary
function, as well as in the control of maternal and sexual
behaviour 22). The antisense PNA selected was complementary
> Control to the AUG translation initiation region of the mRNA, so as to
: increase the probability that the PNA would interfere with
2 3 45 6 18 translation of the mRNA4(Q,41). A procedure was established
Immunocytochemical signal for maintaining and developing in culture the rare oxytocin
(arbitrary unit) . X 2 . .
neurons easily accessible to dissection, i.e. the magnocellular
neurons of the hypothalamic supraoptic nucleus. The procedure
Figure 6. A semi-quantitative study of the prepro-oxytocin content of cultured Ultimately adopted used freshly dissociated neurons from the
magnocellular neurons treated with PNA (compound R))Dpse—response  supraoptic nuclei of 2-day-old rats grown on a layer of cortical
curve of the effectR) time course of the effect. Two-way analysis of variance neurons cultured 1 week earlier. The chemically defined medium
(dose or time versus labelling distribution): dose effect inRAy,0.05; time used was based on the Neurob@sahedium designed for
effect in (B),P < 0.05. . . .
culturing neurons at low cell densi#Z). This method allowed
the survival of up to 20% of the dissociated magnocellular

with a vector peptide, in the present casetra-inversopeptide ~ Oxytocin neurons after 5 days of culture. The development of
that is rapidly internalized by cell§9), increases the speed of magnocellular oxytocin neurons can be followed, from the smalll
PNA uptake by the cultured cells by a factor of 5.6. A very similagells prepared from 2-day-old rats up to the large mature neurons.
experiment recently described the penetration of a PNA conjugatédthough it can still be improved, the culture procedure provides
to peptides derived from the third helix of the homeodomain c& sufficient number of cells to illustrate the effect of antisense
Antennapedia into human prostate tumour-derived célls A PNAs on the oxytocin mRNA and peptide.

p-peptide analogue of insulin-like growth factor 1 has also been Incubating these neurons wittu#1 PNA for 1-4 h depressed
used to target a PNA to cells bearing the correspondirigjeir prepro-oxytocin mRNA content. The effect was obtained
membrane receptoBf). The use of a vector peptide made ofwith the nude PNA (compound P2) and the vector peptide—PNA
p-amino acids, and therefore resistant to proteases, as is the P(@ampound P3). Itis sequence specific, since the scrambled PNA
moiety, is a logical improvement of the PNA molecule. The markettompound sP2) was without effect, and also gene specific, since
enhancement of the internalization rate byrétre-inversopeptide  the similar prepro-vasopressin mRNA, transcribed on a gene
used in the present study appears interesting in terms lotated nearby (only 6 kb away) on the same chromosome in the
usefulness foin vivo studies, since lower concentrations can b&econd type of magnocellular neurons of the supraoptic nucleus,
used. Another interesting feature of the conjugation with thevas not affected. Preliminary observations suggest that the effect
retro-inversopeptide arises from the current hypothesis on ités less marked with longer incubation times (8 or 24 h), as if the
internalization mechanism: this peptide is believed to cross tleells were able to partially escape from the antisense molecules
cell membrane directly, by an energy-independent mechanism iy increasing production of the corresponding mRNA. However,
which the positive charges regularly distributed along the peptidbis requires further study in other experimental models, using
are thought to cause a local destabilization of the membrangany more cells than the mean 40 magnocellular neurons
molecular structure by acting on the negatively charged phoavailable in our model and more accurate quantitative methods
pholipids @6). In agreement with this, thretro-inversopeptide  than the RT-PCR used here because of its necessary sensitivity.
alone (L9) and the vector peptide—PNA (compound P3) crosse8imilarly, we have not shown that conjugation to the vector
the neuronal membrane as rapidly at 4 as a€3lh contrast, the peptide improves the biological activity of the resulting PNA
nude PNA is probably internalized by endocytosis, as are tlmmpound, in spite of its increased speed of internalization.
other antisense molecules. Therefore, if the hypothesis on thberefore, we can only be sure that the antisense molecules testec
internalization mechanism is true, the vector peptide—PNA coul@gompounds P2 and P3) decrease the prepro-oxytocin mRNA
be instantaneously available everywhere in the cell instead obntent of magnocellular neurons and the mechanism(s) by which
being trapped in the endosomal compartment and slowly releagéds reduction occurs is still not clear. Since degradation by RNase
into the cytoplasm. This is particularly important for neuronsH is not induced by PNA binding to the mRNA1), it can be
where some mMRNAs are precisely targeted to distal compartmestspposed that the mRNA physically blocked by the antisense
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per culture well

=

Number of cells
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molecules in the cell may cause it to enter a metabolic pathwa§ Nielsen,P.E., Egholm,M., Berg,R.H. and Buchardt,O. (188i§nce254

and be degraded. 1497-1500.
. . . 9 Demidov,V.V., Potaman,V.N., Frank-Kamenetskii,M.D., Egholm,M.,
Immunocytochemistry using the PS38 monoclonal antibody;, Buchard,., Sonnichsen.S.H. and Nielsen,P.E. (1B@them.

specific for the prepro-oxytocin, was used to determine whether pharmacol, 48, 1310-1313.

the effect of the PNA on the mRNA was reflected in the oxytocin0 Egholm,M., Buchardt,O., Christensen,L., Berhens,C., Freier,S.M.,
protein. The number of labelled cells decreased markedly after Driver,D.A., Berg,R.H., Kim,S.K., Borden,B. and Nielsen,P.E. (1993)
incubation for 24 h with at least|iM PNA (compound P1), Nature 365 566-568.

. . Hanvey,J.C., Peffer,N.J., Bisi,J.E., Thomson,S.A., Cadilla,R., Josey,J.A.,
showing that the effect of the antisense molecule on the mRNA Ricca’g_l, Hassman F.. Bonham M.A., AuK.G., Carter,S.G., Y

is great enough to alter the cell content of the corresponding protein. Bruckenstein,D.A., Boyd,A.L., Noble,S.A. and Babiss,L.E. (1992)
The effect is visible after only 4 h incubation withu®l PNA. Science258 1481-1485.

Preliminary observations indicate that the vector peptide—PNA? %:zzzrgﬁﬁhsghggﬂ'S%irgé'géﬂ and Nielsen,P.E. (1993)
(compound P3) also reduces the number of immunoreactive cejls Nielsen,P.E., Egholm,M., Berg,R.H. and Buchardt,O. (1993)

in cultures (not shown). Again, as for the effect on the mMRNA, our  Nycleic Acids Res21, 197—200.
experimental model did not allow the demonstration of improve@4 Dueholm,K.L. and Nielsen,P.E. (199%w J. Chem21, 19-31.
PNA activity due to the delivery peptide conjugation. Nevertheles> Meier,C. and Engels,J.W. (199®)gew. Chem. Int. Edn Englis,

our results show that an antisense PNA, with or without a vect L #ggﬁ)‘rg’w Chinnery,P.F., Turnbull,D.M. and Lightowlers,R.N. (1997)

peptide, disturbs the synthesis of prepro-oxytocin by magnocellular e Genet 15, 212-215.

neurons in a sequence-specific manner. However, incubation with Bonham,M.A., Brown,S., Boyd,A.L., Brown,P.H., Brusckenstein,D.A.,
PNA at the concentrations and incubation times used depressesHanvey,J.C., Thomson,S.A., Pipe,A., Hassman,F, Bisi,J.E., Froehler,B.C.,
the cell immunocytochemical labelling, but by no means Matteucci,M.D., Wagner,R.W., Noble,S.A. and Babiss,L.E. (1995)

. : Nucleic Acids Res23, 1197-1203.
produces a real knock-out of the oxytocin gene, since all types ﬁ Tyler,B.M., McCormick,D.J., Horshall,C.V., Douglas,C.L., Jansen,K.,

magnocellular cells, from the heavily marked to the faintly  |acyB.w, Cusack,B. and Richardson,E. (195BBS Lett 421 280-284.
labelled ones, were still observable in the culture. This is perhaps Brugidou,J., Legrand,Ch., Méry,J. and Rabié A. (188hem. Biophys.

because these secretory neurons produce and retain a largeRes. Commun214 685-693.

. : Py 20° Armstrong,W.E. (1993rog. Neurobial, 47, 291-339.
amount of neuropeptide in culture, as theyrdavo where they 51 Renau d,Lg.P. o d(BouE:Zugc.w. (199}"&)9. Neurobial 36, 131-169.

store a large number of oxytocin-containing synaptic vesicles By Richard,ph., Moos,F. and Freund-Mercier,M.J. (189%jsiol. Rey 71,
the neurohypophysial terminals, released at very different rates 331-370.

according to various physiological demands. Nevertheless, o2& Meéry,J., Granier,C., Juin,M. and Brugidou,J. (1988)J. Peptide Protein
data show, for the first time to our knowledge, that a PNA cap Res, 42 44-52.
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