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Effects of lntrahypothalamic Administration of Antisense DNA for 
Progesterone Receptor mRNA on Reproductive Behavior and 
Progesterone Receptor lmmunoreactivity in Female Rat 
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Since reproductive behaviors of female rats can be corre- 
lated with estrogen-induced increases in progestin binding 
by hypothalamic neurons, we hypothesized that specific pro- 
gesterone receptor (PR) antisense DNA sequences might 
decrease these behaviors. Antisense oligonucleotides (15 
bases), spanning the translation start site of rabbit PR mRNA, 
were microinjected directly among ventromedial hypotha- 
lamic neurons, and their behavioral effects were compared 
to control oligonucleotides composed of the same nucleo- 
tide bases in scrambled order. When applied 12 but not 24 
hr after estradiol, the PR antisense treatment significantly 
reduced lordosis behavior, measured either as a reflex or in 
a mating behavior test. Notably, proceptive behaviors, which 
are strongly progesterone dependent, were greatly reduced 
in their occurrence (80% decrease). To see if PR protein 
was also reduced, antisense DNA was administered near 
the ventromedial hypothalamus on one side of the brain, 
while the other side received the scrambled control se- 
quence or vehicle. The total number of PR-immunoreactive 
cells on the antisense side was significantly lower in the 
ventromedial nucleus, but not in control measurements from 
the medial preoptic area. Interrupting gene expression for 
PR, a transcription factor, in hypothalamic neurons, can have 
behavioral and immunocytochemical effects. 

[Key words: antisense DNA, progesterone receptor, lor- 
dosis, proceptive behavior, progesterone receptor immu- 
noreactivity, estrogen, ventromedial nucleus, arcoate nucle- 
us, medial preoptic area] 

Cloning and sequencing of genes expressed in the nervous sys- 
tem, followed by expression and regulation studies, provide 
molecular measurements whose possible connections to nervous 
system function are only correlational. Active manipulation of 
gene expression pathways can prove the importance of a given 
molecular event for a specific behavior. 

The progesterone receptor (PR) is a transcription factor now 
cloned and analyzed extensively (Loosfelt et al., 1986; Conneely 
et al., 1987; Gronemeyer et al., 1987; Misrahi et al., 1987, 1988; 
Kastner et al., 1990; Schott et al., 199 1). Expressed in brain 
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(Kato and Onouchi, 1977; MacLusky and McEwen, 1980; Par- 
sons et al., 1982), its mRNA is regulated by estradiol in a tissue- 
specific manner (Roman0 et al., 1989; Bayliss and Millhorn, 
1991) in genetic females but not males (Lauber et al., 1991). 
We hypothesized that if PR mRNA increases correlate with 
facilitation of reproductive behaviors and actively drive them, 
then effective PR antisense sequences might reduce those be- 
haviors. We tested this hypothesis with lordosis behavior, the 
circuitry of which is well known (Pfaff and Schwartz-Giblin, 
1988) and whose correlation with PR is established (Mogui- 
lewsky and Raynaud, 1979; Parsons et al., 1980), but, more 
importantly, tested with proceptive behaviors for which pro- 
gesterone dependence is even more pronounced (Hardy and 
DeBold, 197 1; Whalen, 1974). In the present study we treated 
animals with oligonucleotides 12 hr after estrogen injection in 
order to maximize possible behavioral effects of intracerebrally 
administered antisense DNA, since a previous in situ hybrid- 
ization study has shown that PR mRNA induction by estrogen 
is already at peak by 24 hr (Roman0 et al., 1989). 

It is now well established that antisense DNA can effectively 
change expression of targeted genes in various in vitro systems 
(for reviews, see Uhlmann and Peyman, 1990; Cohen, 199 1; 
Mirabelli et al., 199 1). Although mechanisms of antisense DNA 
actions on neuronal cells in vivo are not currently known, it is 
important to determine whether antisense DNA administered 
directly into the brain could actually affect a functional endpoint. 
Therefore, we examined PR immunoreactivity in ventromedial 
hypothalamic neurons to assess changes in PR protein levels 
that may parallel behavioral effects of antisense DNA men- 
tioned above. The immunocytochemical method was chosen 
because (1) it provides anatomical resolution of PR-positive 
cells (i.e., in comparison to biochemical PR binding assay), (2) 
animals can be treated very similarly to those used for behav- 
ioral study (i.e., in comparison to PR autoradiography in which 
in vivo injection of radioactive ligand is required), and (3) es- 
trogen-inducible changes are well characterized (Warembourg 
et al., 1986; Blaustein et al., 1988; Blaustein and Turcotte, 1989; 
DonCarlos et al., 1989). 

The purposes of this study can be summarized as follows: (1) 
to assess the behavioral effects of local administration of anti- 
sense sequence for PR mRNA on female sexual behaviors, spe- 
cifically, to analyze which behaviors are most affected and to 
determine whether the effects are time dependent after estrogen 
injection; and (2) to determine whether progesterone receptor 
protein is actually reduced by PR antisense DNA. 

Some of the results have been reported in preliminary form 
(Ogawa et al., 1992a,b). 



The Journal of Neuroscience, March 1994, 14(3) 1767 

Materials and Methods 
Preparation of oligonucleotides 
Unmodified phosphodiester oligonucleotides were used in the present 
study. Antisense oligonucleotides (15 bases) were chosen to span the 
translation start site of rabbit progesterone receptor mRNA (Fig. 1). 
Control oligonucleotides were composed of the same nucleotide bases 
in scrambled order. Avoidance of possible cross-hybridization with oth- 
er rodent gene sequences was confirmed using a computer-based gene 
sequence search program (FASTA). Both antisense and scrambled control 
oligonucleotides were synthesized by Oligos Etc. Inc. (Wilsonville, OR) 
and further purified before use. 

Animals 
A total of 28 ovariectomized female Sprague-Dawley rats (200-250 
gm), purchased from the Charles River Laboratories, were used. Twelve 
animals were used each for the behavioral and immunocytochemical 
studies, and four animals were used to determine the spread of oligo- 
nucleotide. Male intact Sprague-Dawley rats (300-350 gm), also pur- 
chased from the Charles River Laboratories, were used for mating be- 
havior tests. All animals were maintained on a 12: 12 hr light/dark cycle, 
lights off at noon, with constant temperature (25°C). Food and water 
were available ad libitum. 

Behavioral study 
Cannula implantation and screening tests. Animals were anesthetized 
with Chloropent (1 mg/lO gm, i.p.) and implanted with bilateral 22 
gauge guide cannulas directed at the ventromedial nucleus of the hy- 
pothalamus (VMN): AP, bregma -3.1 mm; ML, 0.5 mm; depth, -9.0 
mm. One week following postsurgery recovery, they were screened for 
2 weeks for sexual receptivity with estradiol benzoate (EB; 1 or 10 fig) 
plus progesterone (P; 500 kg) priming. Females that failed to show any 
lordosis behavior in both tests were eliminated from the study. 

Behavioral testing procedure. In each experiment, females (N = 12) 
were treated in the following sequence: (1) injected subcutaneously with 
1 Kg of estradiol benzoate (EB) at 0 hr, (2) microinjected bilaterally (over 
90 set) into the VMN through 28 gauge infusion cannulas with antisense 
or scrambled control oligonucleotides (400 ng dissolved in 500 nl of 
sesame oil for each side) at 12 hr (12 hr test) or 24 hr (24 hr test) under 
light Metofane anesthesia, and (3) injected subcutaneously with 500 PLg 
of progesterone (P) at 44 hr (4 hr before behavioral tests). Starting at 
48 hr after EB injections, females were tested in two different behavioral 
paradigms. 

(1) Mating behavior tests: females were tested to measure mating 
behavior with an intact male rat in a testing chamber (92 x 24.5 cm) 
under dim red light during the dark portion of the light : dark cycle. 
Each test lasted until the female had received 15 mounts by the male. 
For each mount, the following behaviors were recorded: (1) occurrence 
of lordosis, (2) occurrence of preceding proceptive behavior (hopping 
or darting), (3) occurrence of preceding rejection behavior (kicking, 
biting, or lunge), and (4) occurrence of preceding vocalization. For each 
female, the following ratios were calculated: (1) lordosis quotient = 
number of lordoses/number of mounts x 100, (2) proceptive behavior 
ratio = number of mounts preceded by proceptive behavior/number of 
total mounts x 100, (3) rejection behavior ratio = number of mounts 
preceded by rejection behavior/number of total mounts x 100, and (4) 
vocalization ratio = number of mounts preceded by vocalization/num- 
ber of total mounts x 100. 

(2) Lordosis reflex tests: after the completion of mating tests, lordosis 
reflex intensity was assessed by applying manual cutaneous stimulation 
five times and rating it using a scale from 0 (no vertebral dorsiflexion) 
to 3 (strongest possible response) with 0.5 intervals. Rating of lordosis 
reflex intensity was performed by an experimenter who was blind with 
regard to the treatment of animals. The average of five ratings was 
calculated for each female. 

Each rat served as its own control. Thus, each rat was tested four 
times, always 9-12 d apart. They were first tested following microin- 
fusion of either antisense or scrambled control oligonucleotides, deliv- 
ered at 12 hr after EB injections. Across rats, oligonucleotide infusions 
were counterbalanced for order. Animals were then studied with mi- 
croinfusions of either antisense or scrambled control oligonucleotides, 
which were delivered at 24 hr after EB injections and counterbalanced 
for order across rats. 

Histology. Following the completion ofbehavioral tests, animals were 

Antisense s- CK AGT CAT GTC GAC -3’ 
oligcmuclmtides 

PRmRNA 3’- GAG UCA m CAG CUG -S 

Scrambled Control S- TGA CGT ATC ACC GTC -3’ 
0ligcmuc1mtides 

Figure I. Sequences of antisense and scrambled sequence control oli- 
gonucleotides. Antisense oligonucleotide (15 bases) was chosen to span 
the translation start site (underlined) of rabbit PR mRNA nucleotide 
sequence. Control oligonucleotide was composed ofthe same nucleotide 
bases in scrambled order, without homology to other rat genes. 

perfused and the brain sections were stained with cresyl violet for mi- 
croscopic examination of cannula location. 

Immunocytochemical study 
Infusion of oligonucleotides. Ovariectomized female Sprague-Dawley 
rats (N = 12) different from those used in the behavioral study, were 
injected subcutaneously with either 2, 5, or 10 fig of EB. At 12 hr after 
EB. PR mRNA antisense oliaonucleotides (400 na dissolved in 250 nl 
of sesame oil) were administered in one side of the brain through a 30 
gauge needle aimed dorsal to the VMN (AP, bregma -2.9 - - 3.1 mm; 
ML, 0.07 mm; depth, ~9.0 mm), under Chloropent anesthesia (1 ms/ 
10 gm, i.p.). To make a precise comparison within each animal, the 
other side of the brain received either scrambled sequence control oli- 
gonucleotides or vehicle. Forty-eight to f i f ty hours after EB, the brains 
were processed for immunocytochemistry for progesterone receptor. 

Progesterone receptor immunocytochemistry. Rats were deeply anes- 
thetized and perfused transcardially with (1) 100 mM phosphate-buffered 
saline (PBS) containing 0.1% heparin, pH 7.2; (2) 4% paraformaldehyde 
in 400 mM phosphate buffer containing 100 mM lysine and 10 mM 
sodium-m-periodate, pH 7.2; and (3) PBS-containing lb% sucrose. Brains 
were blocked and stored overnight at 4°C in PBS containing 30% sucrose. 
Tissue blocks containing the medial preoptic area and ventromedial and 
arcuate nuclei of the hypothalamus were cut at 30 Frn on a freezing 
microtome. Free-floating sections were stored in 50 mM Tris-buffered 
saline (TBS), pH 7.2, at 4°C for l-4 hr and washed for 10 min in TBS, 
pH 7.2, containing 0.5% Triton X-100 and 1.5% normal horse serum 
(Vector) at room temperature. They were then sequentially incubated 
in (1) a 1:3000 dilution of the anti-PR antibody, LET 548 (gift of Dr. 
E. Milgrom, Hopital de Bicetre) in TBS, pH 7.2, containing 0.5% Triton 
X- 100 and 1.5% normal horse serum for 96-l 20 hr at 4°C; (2) a 1:200 
dilution of the biotinylated horse anti-mouse secondary antibody (Vec- 
tor) in TBS containing 0.5% Triton X-100 and 1% of normal horse 
serum (TBSHT) for 90 min at room temperature; and (3) the avidin- 
biotin-complex (Vectastain ABC Elite kit, Vector) in TBSHT for 40 
min at room temperature. After each incubation period, sections were 
rinsed in TBS for 30 min (3 x 10 min) at room temperature. They were 
then treated with diaminobenzidine and 0.03% hydrogen peroxide in 
TBS, and staining was further intensified with 1% nickel-cobalt chloride. 
Control conditions involved omitting the primary antibody from the 
staining procedure. 

Antibody. LET 548 is a monoclonal antibody raised in mouse, and 
recognizes the epitope located at amino acids 295-325 of the rabbit PR. 
LET 548 cross-reacts with rodent PR and has been extensively char- 
acterized (Lorenz et al., 1988; Groyer-Picard et al., 1990). 

Histology. Every fifth section was stained with cresyl violet for mi- 
croscopic examination of location of injection needles. 

Spread of injiued oligonucleotides 
The oligonucleotides were 5’-end labeled with “P-ATP using T, poly- 
nucleotide kinase. The labeled oligonucleotides were then reconstituted 
in 500 nl of sesame oil and injected unilaterally with the method de- 
scribed in Immunocytochemical study, above. At either 12 (N = l), 24 
(N = l), or 36 hr (N = 2) brains were removed and tissue blocks 
containing the medial preoptic area and ventromedial and arcuate nuclei 
of the hypothalamus were cut at 10 pm on a cryostat. All the sections 
were exposed to Kodak scientific imaging films. Spread of the labeled 
substance was determined by measuring optical density of autoradio- 
grams with an image analysis system (IMAGE 1.43, NIH). 
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(A) Lordosis Quotient (B) Lordosis Reflex Intensity 

Figure 2. Effects (mean k SEM, N = 
12) of PR antisense DNA administra- 
tion on lordosis behavior (number of 
lordoses/number of mounts x 100) 
during the mating behavior tests (A), 
lordosis reflex intensity during the lor- 
dosis reflex tests (B), proceptive behav- 
ior (number of mounts preceded by 
proceptive behaviors/number of total 
mounts x 100) (C), rejection behavior 
ratio (number of mounts preceded by 
rejection behavior/number of total 
mounts x 100) (D), and vocalization 
ratio (number of mounts preceded by 
vocalization/number oftotal mounts x 
100) (E), in the mating behavior tests. 
*, p < 0.05; **, p i 0.01 (t test). No 
infusion, data from the screening test; 
12HR and 24 HR, 12 hr test and 24 hr 
test in which oligonucleotides were in- 
fused 12 hr or 24 hr after estrogen in- 
jection, respectively. 

s 
- 80 

Scrambled Sequence 

No Infusion 12HR 24HR 

(C) Proceptive Behavior 

60 
I Antisense 

3 m Scrambled Sequence 
G 

ig 

40 

I 
8 20 

0 

No Infusion 12HR 24 HR 

(E) Vocalization 

I Antisense 
m Scrambled Sequence 

T  

0 

No Infusion 12HR 

Results 
Behavioral study 
PR antisense DNA infusion greatly modified mating behaviors 
in a time-dependent and behaviorally specific manner (Fig. 2). 
The lordosis quotient measured in the mating behavior test (Fig. 
2A) was decreased by 73% compared to control, following an- 
tisense DNA infusion at 12 hr after EB injection (p < 0.01). 
The lordosis reflex intensity assessed by applying manual cu- 
taneous stimulation (Fig. 2B) was also reduced, by 44% com- 
pared to control (p < 0.05). Proceptive behavior (Fig. 2C) was 
greatly decreased, by 80% compared to control (p < 0.01). In 
contrast, rejection behaviors (Fig. 20) and vocalization (Fig. 
2E) were not affected. We also assessed the magnitude of lor- 
dosis responses in the mating behavior tests with a scale of 1 
to 3. In contrast to lordosis quotient (a measure of frequency), 
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(D) Rejection Behavior 
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magnitude (or amplitude) of lordosis (mean k SEM) was not 
affected by antisense DNA (1.88 -t 0.3 1 for antisense DNA vs 
2.21 k 0.69 for scrambled sequence control). 

Effects of antisense were also specific with respect to time of 
administration. Antisense given 24 hr after EB had no inhibitory 
effects on the lordosis quotient, lordosis reflex intensity, and 
proceptive behavior ratio. 

Histological examination revealed that the tips of all the bi- 
lateral cannulae were located either just dorsal to the VMN or 
within the VMN (Fig. 3). Within the range of VMN sites, there 
was no correlation between infusion site and effectiveness of 
antisense DNA on reproductive behaviors. 

Immunocytochemical study 

PR-immunoreactive cells were detected within the VMN (most 
densely in the ventrolateral part of the nucleus), arcuate nucleus, 
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Figure 3. Histological diagrams (from 
Paxinos and Watson, 1986) depicting 
the location of bilateral infusion can- 
nula tips in the hypothalamus in the 
behavioral study (N = 12). 3V’, third 
ventricle; Arc, arcuate nucleus;J fomix; 
LH, lateral hypothalamus; ME, median 
eminence; mfb, medial forebrain bun- 
dle; mt, mammillothalamic tract; opt, 
optic tract; Pe, periventricular nucleus; 
SOR, supraoptic nucleus; sax, supraop- 
tic decussation; VMH, ventromedial 
nucleus; ZZ, zona incerta. 

and the medial preoptic area, but not in cortex or amygdala. 
For each animal, five to eight sections (150 pm apart) containing 
the VMN and the arcuate nucleus were analyzed for PR im- 
munoreactivity, and one section was analyzed for the medial 
preoptic area. The number of PR-immunoreactive cells on the 
side of brain injected with antisense oligonucleotide was com- 
pared to that on the side injected with scrambled sequence con- 
trol oligonucleotide or vehicle control in each section. Absolute 
numbers of PR-immunoreactive cells/section (mean + SEM) 
in the control infusion side of the brain were 83.96 + 13.2 1 in 
the VMN, 25.22 * 7.15 in the arcuate nucleus, and 95.08 * 
10.12 in the medial preoptic area. Control conditions involved 
omitting the primary antibody from the staining procedure and 
did not result in immunocytochemical staining. 

PR immunostaining intensity as well as both darkly stained 
and the total number of PR-immunoreactive cells were de- 
creased 48-50 hr after EB injection in the VMN on the side 
that received antisense DNA compared to the control infusion 
side (Figs. 4, 5; Table 1). The inhibitory effect of antisense DNA 
was detected throughout the anterior-posterior extent of the 
VMN, but was most obvious at the posterior end where more 
PR-immunoreactive cells were found (Figs. .4D, 5,4-D). In the 
same brain sections, PR-immunoreactive cells were found in 
the arcuate nucleus (Fig. 4,4-D), but the total number of PR- 
immunoreactive cells in the arcuate nucleus was much smaller 
than in the VMN and was not affected by injection of antisense 

DNA (Table 1). As a negative control, PR-immunoreactive cells 
were also counted in the medial preoptic area and did not change 
following the infusion (Table 1, Fig. SE). Compared to 2 Kg of 
EB, 5 or 10 pg of EB induced more PR-immunoreactive cells 
in the VMN of the control infusion side of the brain (mean 
numbers of PR-immunoreactive cells/section in the VMN were 
30.14 with 2 pg EB, 88.83 with 5 pg EB, and 108.5 with 10 pg 
EB). However, there was no systematic relationship between the 
percentage of inhibitory effects of antisense DNA on PR im- 
munoreactivity and the total number of PR-immunoreactive 
cells that had been induced by estrogen. 

As shown in Figure 6, the tips of the injection needles were 
found just dorsal to the VMN at the same anterior-posterior 
level in both sides of the brain in all 12 animals analyzed. 
Therefore, when there was a failure of antisense oligonucleotide 
to inhibit PR immunoreactivity in individual animals, it was 
not due solely to the location of the injection needle. 

Spread of infused oligonucleotides 

Autoradiograms showed dense labeling in the area immediate 
to the tip of the needle (Fig. 7) while in the surrounding area 
labeling was much weaker. No labeling was detected in the 
contralateral side. It was found that 32P-labeled oligonucleotides 
spread intensely about 500 Km along the rostrocaudal axis from 
the center of the injection needle tip. Between 500 and 1500 
pm, the degree of oligonucleotide spread was diminished and 
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Figure 4. Schematic diagrams of hypothalamic tissue sections showing PR-immunoreactive cells in the VMN and arcuate nucleus from a 
representative animal in which antisense had inhibitory effects of average size (A-D). Each small solid circle represents a darkly stained cell, and 
each small open circle represents a lightly stained cell. In D, each large solid circle represents five darkly stained cells and each large open circle 
represents five lightly stained cells. The distance from bregma based on Paxinos and Watson (1986) is indicated on the lower right corner of each 
panel. Tracing of histology section (E) shows that the tips of injection needles were found just dorsal to the VMN at the same anterior-posterior 
level in both sides of the brain. Shaded areas depict needle tracks. IIZ, third ventricle; ARC, arcuate nucleus; f;  fomix; LH, lateral hypothalamus; 
ME, median eminence; mfb, medial forebrain bundle; mt, mammillothalamic tract; opt, optic tract; IO4N, ventromedial nucleus; ZZ, zona incerta. 

beyond 1500 pm from the injection side, no isotope was de- 
tected. Thus, oligonucleotides infused toward the VMN spread 
in an area wide enough to cover the entire VMN (it extends 
about 1500 Km along the rostro<audal axis) and locally enough 
not to affect the medial preoptic area. 

Discussion 
In the present study, it was found that intracerebral adminis- 
tration of antisense DNA for PR mRNA can have behavioral 
and immunocytochemical effects. Lordosis behavior was re- 
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Figure 5. Photomicrographs of PR-immunoreactive cells in the VMN, arcuate nucleus, and medial preoptic area. The brain side infused with 
antisense oligonucleotides (A) had less PR-immunoreactive cells compared to the control (vehicle) infusion side (B) in the VMN but not in the 
arcuate nucleus. C and D are higher magnifications of A and B, respectively. There were 5 1 darkly stained cells and 85 lightly stained cells in the 
antisense side (4 and C), whereas there were 100 darkly stained and 129 lightly stained cells in the control infusion side (B and D). There was no 
difference in number of PR-immunoreactive cells in the two sides of the brain (right, antisense infusion; left, vehicle infusion) in the medial preoptic 
area (E). The animal shown in A-D received 5 wg of EB and that in E received 10 pg of EB. ZZZ, third ventricle; ARC, arcuate nucleus; MPOA, 
medial preoptic area; VMdm, ventromedial nucleus, dorsomedial part; VMvI, ventromedial nucleus, ventrolateral part. Magnification: A and B, 
75x; Cand D, 200x; E, 60x. 

duced whether measured by a mating behavior test or a lordosis reproductive behavior in rats. They also provide a molecular 
reflex test. Furthermore, the effect of antisense DNA was most rationale for the effectiveness of the PR blocker RU486 in re- 
pronounced in proceptive behavior known to be strongly pro- ducing lordosis behavior (Brown and Blaustein, 1984; Etgen 
gesterone dependent. All these findings provide evidence for the and Barfield, 1986; Vathy et al., 1987). These behavioral effects 
importance of progesterone receptor gene expression in female of antisense DNA were likely due to its action on VMN neurons, 
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Table 1. Effects of antisense oligonucleotide infusion to VMN on number of PR-immunoreactive cells in three hypothalamic regions 

VMN 

Total cells 
Darkly stained 
cells 

ARC 

Total cells 
Darkly stained 
cells 

MPOA 

Total cells 
Darkly stained 
cells 

0.75 + 0.10* 

Anterior half 

0.62 +- 0.1 l** 1.10 2 0.09 1.00 t 0.11 1.04 XL 0.06 0.98 k 0.07 

0.82 -e 0.12 0.77 k 0.14* 1.28 k 0.20 0.95 + 0.14 

Posterior half 

0.74 * 0.11* 0.59 * 0.15* 1.00 + 0.09 1.06 ZL 0.21 

Data are presented as the ratio (mean & SEM, N = 12) of number of PR-immunoreactive cells on the side of brain injected with antisense oligonucleotide to the side 
injected with scrambled sequence control oligonucleotide or vehicle control. Darkly stained cells were counted separately. For VMN and arcuate nucleus (ARC), the 
anterior half (bregma - 2.4 - -2.9) and posterior half (bregma -2.9-- 3.4) of the nucleus were analyzed separately since most of PR-immunoreactive VMN cells were 
found in the posterior half. MPOA, medial preoptic area. *p < 0.05, **p < 0.01, Wilcoxon matched-pairs signed-rank test, one-tailed. 

as very little spread of oligonucleotide was detected as far as 
another behaviorally relevant cell group, the medial preoptic 
area. 

Effects of antisense were also specific with respect to time of 
administration. Antisense given 24 hr after EB had no inhibitory 
effects on any measurements (Fig. 2A-C). Previous studies in 
rat brain have shown that PR mRNA levels declined by 48 hr 
after the first EB injection even when a second EB injection was 
given at 24 hr (Roman0 et al., 1989) whereas maximum in- 
creases of hypothalamic PR levels were maintained between 24 
hr and 72 hr after a single EB injection (Moguilewsky and Ray- 
naud, 1979). In the present experiment, therefore, synthesis of 
PR for behaviorally relevant processes might be completed by 
24 hr after EB. The behavioral effectiveness of PR antisense 
administration is consistent with results in breast cancer cell 

lines that estrogen-induced increases of the levels of PR protein 
are due to an increase in the rate of PR synthesis without altering 
the rate of PR degradation (Nardulli et al., 1988; Read et al., 
1988). 

PR-immunoreactive cells were induced by 2-10 Fg of EB in 
the VMN, arcuate nucleus, and medial preoptic area but not in 
cortex or amygdala. This anatomical distribution was consistent 
with the previously reported distribution of PR-immunoreac- 
tive cells in EB-treated guinea pig brain (Warembourg et al., 
1986; Blaustein et al., 1988; Blaustein and Burcotte, 1989; 
DonCarlos et al., 1989). Antisense DNA significantly decreased 
the number of PR-immunoreactive cells in the VMN. In the 
medial preoptic area, where systemically administered EB in- 
duced a substantial number of PR-immunoreactive cells but 
very little VMN-applied antisense oligonucleotide was detected, 

Figure 6. Schematic diagrams (from 
Paxinos and Watson, 1986) depicting 
the location of injection needle tips in 
the hypothalamus in the immunocy- 
tochemical study. To make a precise 
comparison in each animal, antisense 
DNA was infused on one side of the 
brain (solid circle or triangle) and either 
scrambled sequence control DNA or 
vehicle (open circle) was infused on the 
other side of the brain. Circles represent 
animals in which number of PR-im- 
munoreactive cells in the antisense side 
was less than 80% of that in the control 
infusion side. Triangles represent ani- 
mals in which antisense DNA had no 
effects on PR immunoreactivity. See 
Figure 3 for abbreviations. 
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antisense DNA had no effect on PR immunoreactivity. Re- 
cently, we also have established that local administration of 
antisense DNA for PR mRNA aimed at the VMN can signifi- 
cantly reduce estrogen-induced 3H-progestin binding in the ba- 
somedial hypothalamus but not in the medial preoptic area in 
mouse brain (Ogawa et al., 1993). These results further support 
the inference that PR protein levels can be manipulated by in 
vivo intracerebral application of antisense DNA for PR mRNA. 

The overall magnitude of inhibitory action of antisense DNA 
on PR immunocytochemistry was, however, smaller than that 
found in the behavioral study. In the immunocytochemical study, 
injection of a higher dose of EB (2-10 Kg) was needed to detect 
PR-immunoreactive cells instead of 1 pg used in the behavioral 
study, and it is possible that more PR mRNA was induced and 
was harder to block. Alternatively, behaviorally important ac- 
tions of progesterone may be restricted to a small population 
of PR-immunoreactive cells. 

To date, mechanisms of the behavioral effects of intracere- 
brally administered antisense DNA have not been specified. 
Translation arrest (Liebhaber et al., 1992) and RNA cleavage 
by RNase H (Furdon et al., 1989; Giles and Tidd, 1992) have 
been proposed as important steps, mainly based on studies of 
in vitro systems (for reviews, see Uhlmann and Peyman, 1990; 
Cohen, 1991). In in vivo application of antisense DNA, intra- 
cerebrally injected oligonucleotides are not well studied in con- 
trast to intravenously or intraperitoneally injected oligonucleo- 
tides (Agrawal et al., 1991; Iversen, 199 1; Zendegui et al., 1992). 
Moreover, although various types of modified oligonucleotides 
with different stability, efficiency of cellular uptake, and mech- 
anisms of action are now available (Cook, 199 1; Crooke, 199 1; 
Stein et al., 1991; Zon and Geiser, 1991; Akhtar et al., 1992; 
Giles and Tidd, 1992) no systematic comparisons of effects on 

Figure 7. Spread of 3ZP-labeled 
scrambled oligonucleotides injected into 
the left side of the brain. The brain was 
removed 36 hr after injection and pro- 
cessed as described in Materials and 
Methods. Three autoradiograms were 
taken from the injection site (A), 500 
pm anterior to injection site (B), and 
2000 pm anterior to the injection site 
(medial preoptic area region) (C). The 
bottom panel shows the spread of la- 
beled substance along the rostrocaudal 
axis. In each brain section, the area with 
dense labeling (solid circles) detected 
around the tip of the injection needle 
was measured separately from the total 
labeled area (open diamonds). A dense- 
ly labeled area was defined as an area 
in which the optical density was higher 
than the mean + four standard devia- 
tions higher than the entire brain sec- 
tion. The total labeling area included 
the area (in pixels) in which the optical 
density was more than two standard de- 
viations away from the mean. All data 
were converted to a ratio of the maxi- 
mum peak value. Arrows indicate sec- 
tions corresponding to the autoradio- 
grams. or&risk (*), tip of the infusion 
needle; CPU, caudate putamen; Hippo, 
hippocampus; LH, lateral hypothala- 
mus; MPOA, medial preoptic area; opt, 
optic tract; Pir, piriform cortex; VMN, 
ventromedial nucleus. 

behavioral variables have been done. However, the findings of 
the present study as well as other reports about behavioral mod- 
ification by antisense DNA in a variety of behavioral paradigms 
(McCarthy et al., 199 1, 1993; Flanagan et al., 1992; Scarbrough 
and Wise, 1992; Wahlestedt et al., 1993) lead us to conclude 
that the antisense DNA strategy has a potential role in the study 
of the molecular bases of behavior. 

References 
Agrawal S, Temsamani J, Tang JY (199 1) Pharmacokinetics, biodistri- 

bution, and stability of oligonucleotide phosphorothioate in mice. 
Proc Nat1 Acad Sci USA 88:7595-7599. 

Akhtar S, Shoji Y, Juliano RL (1992) Pharmaceutical aspects of the 
biological stability and membrane transport characteristics of anti- 
sense oligonucleotides. In: Gene regulation: biology of antisense RNA 
and DNA (Erickson RP, Izant JG, eds), pp 133-145. New York: 
Raven. 

Bayliss DA, Millhorn DE (199 1) Chronic estrogen exposure maintains 
elevated levels of progesterone receptor mRNA in guinea pig hypo- 
thalamus. Mol Brain Res 10: 167-l 72. 

Blaustein JD, Turcotte J (1989) Estradiol-induced progestin receptor 
immunocytochemistry is found only in estrogen receptor-immuno- 
reactive cells in guinea pig brain. Neuroendocrinology 49:454-46 1. 

Blaustein JD, Ring JC, Toft DO, Turcotte J (1988) Immunocyto- 
chemical localization of estrogen-induced progestin receptors in guin- 
ea pig brain. Brain Res 474: l-l 5. 

Brown TJ, Blaustein JD (1984) Inhibition of sexual behavior in female 
guinea pigs by a progestin receptor antagonist. Brain Res 301:343- 
349. 

Cohen JS (199 1) Oligonucleotides as therapeutic agents. Pharmacol 
Ther 52:21 l-225. 

Conneely OM, Dobson ADW, Tsai M, Beattie WG, Toft DO, Huckaby 
CS, Zarucki T, Schrader WT, O’Malley BW (1987) Sequence and 
expression of a functional chicken progesterone receptor. Mol En- 
docrinol 1:517-525. 



1774 Ogawa et al. * Behavioral Effects of PR Antisense DNA 

Cook PD (199 1) Medicinal chemistry of antisense oligonucleotides: 
future opportunities. Anticancer Drug Des 6585-607. 

Crooke RM (199 1) In vitro toxicology and pharmacokinetics of an- 
tisense oligonucleotides. Anticancer Drug Des 6:609-646. 

DonCarlos LL, Greene GL, Morrell JI (1989) Estrogen plus proges- 
terone increases progestin receptor immunoreactivity in the brain of 
ovariectomized guinea pigs. Neuroendocrinology 50:6 13-623. 

Etgen AM, Barfield RJ (1986) Antagonism of female sexual behavior 
with intracerebral implants of antiproaestin RU 38486: correlation 
with binding to neural progestin receptors. Endocrinology 119: 16 lo- 
1617. 

Flanagan LM, McCarthy MM, Brooks PJ, Pfaff DW, McEwen BS 
(1992) Arginine vasopressin levels after daily infusions of antisense 
oligonucleotides into the supraoptic nucleus. Sot Neurosci Abstr 18: 
481. 

Furdon PJ, Dominski Z, Kole R (1989) RNase H cleavage of RNA 
hybridized to oligonucleotides containing methylphosphonate, phos- 
phrothioate bonds. Nucleic Acids Res 17:9 193-9204. 

Giles RV, Tidd DM (1992) Increased specificity for antisense oligo- 
nucleotide targeting of RNA cleavage by RNase-H using chimeric 
methylphosphonodiester/phosphodiester structures. Nucleic Acids Res 
201763-710. 

Gronemeyer H, Turcotte B, Quirin-Stricker C, Bocquel MT, Meyer ME, 
Krozowski Z. Jeltsch JM. Lerouae T. Garnier JM. Chambon P I1 987) 
The chicken’progesterone receptok sequence, expression and’ func: 
tional analysis. EMBO J 6:3985-3994. 

Groyer-Picard MT, Vu-Hai MT, Jolivet A, Milgrom E, Perrot-Applanat 
M (1990) Monoclonal antibodies for immunocytochemistry of pro- 
gesterone receptor (PR) in various laboratory rodents, livestock, hu- 
mans, and chickens: identification of two epitopes conserved in PR 
of all these species. Endocrinology 126: 1485-l 49 1. 

Hardy DF, DeBold JF (197 1) The relationship between levels of ex- 
ogenous hormones and the display of lordosis by the female rat. Horm 
Behav 21287-297. 

Iversen P (199 1) In viva studies with phosphorothioate oligonucleo- 
tides: pharmacokinetics prologue. Anticancer Drug Des 6:531-538. 

Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H, 
Chambon P (1990) Two distinct estrogen-regulated promoters gen- 
erate transcripts encoding the two functionally different human pro- 
gesterone receptor forms A and B. EMBO J 9: 1603-l 6 14. 

Kate J, Onouchi T (1977) Specific progesterone receptors in the hy- 
pothalamus and anterior hypophysis of the rat. Endocrinology 10 1: 
920-928. 

Lauber AH, Roman0 GJ, Pfaff DW (199 1) Sex difference in estradiol 
regulation of progestin receptor mRNA in rat mediobasal hypothal- 
amus as demonstrated by in situ hybridization. Neuroendocrinology 
53:608-6 13. 

Liebhaber SA, Russell JE, Cash FE, Eshleman SS (1992) Inhibition 
of messenger RNA translation by antisense sequences. Gene Regul 
1:163-174. 

Loosfelt H, Atger M, Misrahi M, Guiochon-Mantel A, Meriel C, Logeat 
F, Benarous R, Milgrom E (1986) Cloning and sequence analysis 
of rabbit progesterone-receptor complementary DNA. Proc Nat1 Acad 
Sci USA 83:9045-9049. 

Lorenzo F, Jolivet A, Loosfelt H, Vu-Hai MT, Brailly S, Perrot-Ap- 
planat M, Milgrom E (1988) A rapid method of epitope mapping: 
application to the study of immunogenic domains and to the char- 
acterization of various forms of rabbit progesterone receptor. Eur J 
Biochem 176:53-60. 

MacLusky NJ, McEwen BS (1980) Progestin receptors in rat brain: 
distribution and properties of cytoplasmic progestin-binding sites. 
Endocrinology 106: 192-202. 

McCarthy MM, Schwartz-Giblin S, Pfaff DW (1991) Intracerebral 
administration of glutamic acid decarboxylase (GAD) antisense oli- 
gonucleotide reduces lordosis behavior in the rat. Sot Neurosci Abstr 
17:497. 

McCarthy MM, Schlenker EH, Pfaff DW (1993) Enduring conse- 
quences of neonatal treatment with antisense oligodeoxynucleotides 
to estrogen receptor messenger ribonucleic acid on sexual differenti- 
ation ofrat brain. Endocrinology 133:433-439. 

Mirabelli CK, Bennett CF. Anderson K. Crooke ST (1991) In vitro 
and in vivo pharmacologic activities of antisense ohgonucleotides. 
Anticancer Drug Des 6:647-66 1. 

Misrahi M, Atger M, d’Aurio1 L, Loosfelt H, Meriel C, Fridlansky F, 

Guiochon-Mantel A, Galibert F, Milgrom E (1987) Complete amino 
acid sequence of the human progesterone receptor deduced from cloned 
cDNA. Biochem Biophys Res Commun 143:740-748. 

Misrahi M, Loosfelt H, Atger M, Meriel C, Zerah V, Dessen P, Milgrom 
E (1988) Organization of the entire rabbit progesterone receptor 
mRNA and ofthe promotor and 5’ flanking region ofthe gene. Nucleic 
Acids Res 1615459-5472. 

Moguilewsky M, Raynaud JP (1979) The relevance of hypothalamic 
and hypophyseal progestin receptor regulation in the induction and 
inhibition of sexual behavior in the female rat. Endocrinoloav 105: -~ 
516-522. 

Nardulli AM, Greene GL, O’Malley BW, Katzenellenbogen BS (1988) 
Regulation of progesterone receptor messenger ribonucleic acid and 
protein levels in MCF-7 cells by estradiol: analycis of estrogen’s effect 
on progesterone receptor synthesis and degrad tion. Endocrinology 
1221935-944. 

Ogawa S, Olazabal UE, Pfaff DW (1992a) Beh vioral changes after 
local administration of antisense sequence for I rogesterone Receptor 
mRNA in female rat hvpothalamus. Ann NY Acad Sci 660:298-299. 

Ogawa S, Olazabal UE,-Pfaff DW (199213) Effects of hypothalamic 
administration of antisense DNA for progesterone receptor mRNA 
on lordosis behavior and progesterone receptor immunoreactivity. 
Sot Neurosci Abstr 18:893. 

Ogawa S, Brown HE, Pfaff DW (1993) Effects of antisense DNA for 
progestin receptor mRNA on progestin binding in mouse brain. Sot 
Neurosci Abstr 19:82 1. 

Parsons B, MacLusky NJ, Krey L, Pfaff DW, McEwen BS (1980) The 
temporal relationship between estrogen-inducible progestin receptors 
in the female rat brain and the time course of estrogen activation of 
mating behavior. Endocrinology 107:774-779. 

Parsons B, Rainbow TC, MacLusky NJ, McEwen BS (1982) Progestin 
receptor levels in rat hypothalamic and limbic nuclei. J Neurosci 
211446-1452. 

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates, 
2d ed. New York: Academic. 

Pfaff DW, Schwartz-Giblin S (1988) Cellular mechanisms of female 
reproductive behaviors. In: The physiology of reproduction (Knobil 
E, Neil1 J, eds), pp 1487-1568. New York: Raven. 

Read LD, Snider CE, Miller JS, Greene GL, Katzenellenbogen 
BS (1988) Ligand-modulated regulation of progesterone receptor 
messenger ribonucleic acid and protein in human breast cancer cell 
lines. Mol Endocrinol 2:263-27 1. 

Roman0 GJ, Krust A, Pfaff DW (1989) Expression and estrogen reg- 
ulation of progesterone receptor mRNA in neurons of the mediobasal 
hypothalamus: an in situ hybridization study. Mol Endocrinol3: 1295- 
1300. 

Scarbough K, Wise PM (1992) Intracerebral infusion of VIP antisense 
oligonucleotides into the suprachiasmatic nuclei affects the circadian 
corticosterone peak. Sot Neurosci Abstr 18:2. 

Schott DR, Shyamala G, Schneider W, Parry G (1991) Molecular 
cloning, sequence analyses, and expression of complementary DNA 
encoding murine progesterone receptor. Biochemistry 30:70 14-7020. 

Stein CA, Tonkinson JL, Yakubov L (1991) Phosphorothioate oli- 
godeoxynucleotides-anti-sense inhibitors of gene expression. Phar- 
macol Ther 52:365-384. 

Uhlmann E, Peyman A (1990) Antisense oligonucleotides: a new ther- 
apeutic principle. Chem Rev 90:544-584. 

Vathy IU, Etgen AM, Barfield RJ (1987) Actions of proaestins on 
estrous behaviour in female rats. Physiol Behav 40:591-555. 

Wahlestedt C. Pith EM. Koob GF. Yee F. Heilie M (1993) Modulation 
I  \  ,  

of anxiety and neuropeptide Y-Y1 receptors by antisense oligonu- 
cleotides. Science 259:528-53 1. 

Warembourg M, Logeat F, Milgrom E (1986) Immunocytochemical 
localization of progesterone receptor in the guinea pig central nervous 
system. Brain Res 384: 12 l-l 3 1. 

Whalen RE (1974) Estrogen-progesterone induction of mating in fe- 
male rats. Horm Behav 5: 157-l 62. 

Zendegui JG, Vasquez KM, Tinsley JH, Kessler DJ, Hogan ME (1992) 
In viva stability and kinetics of absorption and disposition of 3’ phos- 
phopropyl amine oligonucleotides. Nucleic Acids Res 20:307-3 14. 

Zon G, Geiser TG (199 1) Phosphorothioate oligonucleotides: chem- 
istry, purification, analysis, scale-up and future directions. Anticancer 
Drug Des 6:539-568. 


