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Asymmetric mRNA expression was found in preoptic
anterior and hypothalamic anterior areas of the two
estrogen receptor isoforms and the gonadotropin-releas-
ing hormone. On the right side of these areas, estrogen
receptor alpha mRNA expression reached its peak on
estrus day, while on the left side the peak was reached
on proestrus day. Estrogen receptor beta mRNA expres-
sion peaked on both sides on the same day, diestrous–
2 day, but at different hours, showing a sustained
expression for the next measured hour on the left side,
while peaking and dropping abruptly on the right side.
Gonadotropin-releasing hormone also peaked on both
sides on diestrous–2 day, being the left side peak expres-
sion significantly lower than the peak expression at
the right side. The side expression differences suggest
that different sides of the before mentioned areas may
play different roles of endocrine reproductive func-
tions, while differences of expression at different times
may suggest interaction between sides for the same
functions.
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Introduction

Estrogen (E2) is involved in the regulation of several
functions of the central nervous system. In the hypothala-
mus one of the most important roles of E2 is the regulation
of reproductive functions, through the gonadotropin-releas-
ing hormone (GnRH) and gonadotropin secretion (1,2). The

regulation of these peptides is mediated by two ER iso-
forms: the estrogen receptor alpha (ER-α) and the estrogen
receptor beta (ER-β) (3). Both ER-α and ER-β are expressed
in the hypothalamus of the rat (4). However, only ER-β is
present in the hypothalamic GnRH neurons (5,6).

The existence of an asymmetric function of different
endocrine organs, including the gonads, the adrenals, and
the thyroid gland, has been indicated in many studies (7).
Different studies have shown that manipulations of the right
side of the hypothalamus (such as lesions, deafferentations,
or pharmacological or hormonal implants), affect the re-
sponse of the neuroendocrine reproductive axis asymmetri-
cally (8–12).

In female rats the development of sex-specific repro-
ductive functions can be differentially disturbed, depend-
ing on which side in the hypothalamus an early implanta-
tion of estradiol is performed. Implantation of the hormone
in the right side of the hypothalamus leads to masculiniza-
tion (e.g., preference for other females), while implanta-
tion in the left side induces defeminization (e.g., loss of the
estrous cycle) (13). Unilateral implants of estradiol in the
right side of the hypothalamus of adult rats induces better
behavioral responses (lordosis) than in animals with implants
in the left side (14).

Furthermore, asymmetric activity in the hypothalamic and
limbic structures, as well as in other brain structures related
to the neuroendocrine control systems, has been reported
(7). Accordingly, in adult female rats the GnRH peptide
content is higher in the right side of the median eminence
than in the left.

The preceding observations indicate that an asymmetric
expression of ER-α, ER-β, as well as GnRH may exist in dif-
ferent areas of the hypothalamus of female rats. Asymmet-
ric mRNA expression of ER-α, ER-β, and GnRH, between
the left and right side of the preoptic anterior and hypotha-
lamic anterior areas (POA–AHA), during the estrous cycle
of the rat, was found. The implication of asymmetric repro-
ductive functions is then discussed.
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Results

When the results were analyzed, all together (by the day
of the estrous cycle, the side of POA–AHA, and the hour
of the day when the animals were sacrificed), we found that
in the right side of POA–AHA, the ER-α mRNA expres-
sion reached its maximal level during the estrous day, with
a peak at 17:00 (Fig. 1A, Table 1). Two other small peaks
were observed at 09:00 of the day of diestrous–2 and at 13:00
on proestrus. However, only the 17:00 estrous day peak was
statistically significant when compared to the values in the
left side for the same day and hour (Table 1). ER-α mRNA
expression on the left side of the POA–AHA show less
variations along the different hours of the day of the estrous
cycle and the small peaks at 13:00 of the proestrus and dies-

trous–2 days are not significatively different from the corre-
sponding values on the right side. A larger expression activ-
ity of ER-α is seen on the right side especially at 17:00 of
the estrous day.

ER-β mRNA expression peaked on both sides on dies-
trous–2 day, peaking at 9:00 on the right side and at 13:00
on the left side (Fig. 2A, Table 2). No expression was shown
on any other day of the cycle indicating precise timing for
the use of this receptor. The left side showed a little more
expression than the right side and sustained its expression
for a longer time, although peaking at 13:00 it showed the
same drastic increase at 9:00 that the right side. It seems
that ER-β, although slightly more expressed in the left than
in the right side, is expressed for a precise timed action.

Fig. 1. Densitometric analysis of ER-α mRNA expression in the left and right side of POA–AHA of cyclic adult female rat at 09:00, 13:00,
and 17:00 of estrous, diestrous–1, diestrous–2 and proestrous days. (A) Densitometric analysis of RT-PCR products. Each point in the
graph is a box plot representing the whole distribution of the sample for each side, day, and hour. Note that each experimental group is
represented by a normal distribution with no outlier points. Multivariate analysis of variance was performed (F-ratio = 2.0027; p = 0.021)
showing statistical significance between sides, followed by pairwise Tukey tests, showing statistical significant differences (p < 0.05)
between experimental groups, especially between left and right sides of POA–AHA at 17:00 of the estrous day. (B) Simultaneous RT-
PCR representative assays for ER-α and GAPDH mRNA expression in the left (L) and right (R) side of POA–AHA. RT-PCR was
performed using total RNA isolated from both sides of POA–AHA of adult female rats during the estrous cycle.
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Just as ER-β, the expression of GnRH mRNA showed
a peak at 13:00 of diestrous–2 day for both sides, however,
showing a larger peak on the right side (Fig. 3A, Table 3).
A tiny peak at 9:00 of proestrous day is also seen in both sides.
Again, the absence of expression on the other days of the
cycle suggests a precise timing for the expression of GnRH.
The synchronicity of ER-β and GnRH expression while ex-
pressing in different sides, ER-β on the left side and GnRH
on the right, suggests a complementary action between them
but controlled by some synchronizing factor.

Single bands, corresponding to ER-α (Fig. 1B), ER-β
(Fig. 2B), and GnRH (Fig. 3B) were detected in all gene
amplifications.

Discussion
All the results show that the difference in mRNA expres-

sion of each gene studied depends on the side of POA–AHA
analyzed, the hour of day, and the estrous cycle day.

The ER-α isoform is asymmetrically expressed in the
right and left sides of POA–AHA, being highly expressed

Table 1
ER-α Tukey Test Pairwise Comparison of mRNA Expression Between POA–AHA Sides

*Probabilities in bold and in shadowed cells indicate statistically significant differences between pairs (p < 0.05). Although Tukey
test was performed for pairs within sides, the data are not shown because only the peak is statistically significant, as should be expected.
Note that only the peak in the right side at 17:00 of estrous day is statistically significant between sides.
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in the right side, especially on estrous day, on which the
receptor is only expressed in the right side. This suggests
a specialization of the receptor on the right side at precise
timing on estrous day, allowing the other side to take care of
another totally different function at the same time. Besides,
the fact that female and male ERαKO are both infertile (15–
19) suggests that this specialization of ER-α has to do with
some neuroendocrine reproductive function.

The ER-β isoform is also asymmetrically expressed on
both sides of POA–AHA, with a somewhat larger expres-
sion on the left side. In contrast with the ER-α receptor,
the ER-β receptor is expressed at a very precise time on
diestrous–2 day with no expression on any other day of the

estrous cycle. However, the fact that the ERβKO female
mice are just subfertile and that the difference between sides
is not large indicates that ER-β plays some role on a neuro-
endocrine reproductive function but it possibly has another
nonreproductive function that is related to both sides.

GnRH also shows asymmetry between sides, but like
ER-β its expression is precisely timed on diestrous–2 day
with no expression on any other day. In contrast with ER-
β the difference between sides is noticeable with a larger
expression on the right side. These results are in agreement
with previous observations (20,21), which show that on
female rats, the GnRH peptide content is higher on the right
half of the medial basal hypothalamus (7). GnRH marked

Fig. 2. Densitometric analysis of ER-β mRNA expression in the left and right side of POA–AHA of cyclic adult female rat at 09:00, 13:00,
and 17:00 of estrous, diestrous–1, diestrous–2 and proestrous days. (A) Densitometric analysis of RT-PCR products. Each point in the
graph is a box plot representing the whole distribution of the sample for each side, day, and hour. Note that each experimental group is
represented by a normal distribution with no outlier points. Multivariate analysis of variance was performed (F-ratio = 9.59; p = 1e−5)
showing statistical significance between sides, followed by pairwise Tukey tests, showing statistical significant differences (p < 0.05)
between experimental groups, especially between left and right sides of POA–AHA at 13:00 of the diestrous–2 day. (B) Simultaneous
RT-PCR representative assays for ER-β and GAPDH mRNA expression in the left (L) and right (R) side of POA–AHA. RT-PCR was
performed using total RNA isolated from both sides of POA–AHA of adult female rats during the estrous cycle.
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asymmetrical mRNA expression in POA–AHA during the
diestrous–2 day could be related to the differences in the
number of GnRH neurons between the two sides of POA–
AHA, since there is evidence that male mice have more
GnRH immunoreactive neurons in the right side of the brain
than in the left side (22). The fact that the GnRH peak starts
to disappear in diestrous–2 afternoon is consistent with obser-
vations made in male rats, where higher GnRH content in
the right side of the hypothalamus was observed only in

samples taken in the morning, but not in samples taken in
the evening (23).

Although not shown by the results of this study, the high
levels of ER-α in the right side of POA–AHA together with
the higher content of GnRH mRNA in the right side of
POA–AHA, suggests that the stimulation of the ER-α recep-
tor may be linked to the GnRH synthesis. Since the GnRH
neurons do not have ER-α (5,6), this stimulatory effect
may be accomplished throughout an intermediary neuron,

Table 2
ER-β Tukey Test Pairwise Comparison of mRNA Expression Between POA–AHA Sides

*Probabilities in bold and in shadowed cells indicate statistically significant differences between pairs (p < 0.05). Although Tukey
test was performed for pairs within sides, the data are not shown because only the peak is statistically significant, as should be expected.
Note that only the peak at diestrous–2 day is statistically significant between sides.
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possibly an interneuron. Such an idea is supported by the
fact that the ER-α is present in cholinergic neurons and pos-
sibly in GABAergic and catecholaminergic neurons (2,24).

The GnRH peaks have also been observed previously on
a RNase protected assay (25,26), but, because there was no
sampling between 11:00 and 18:00 on diestrous–2 day, this
peak was missed. In that study both sides of POA–AHA
were taken for their assay, while, as it is shown here, the
large diestrous–2 day peak it is better observed when POA–
AHA sides are taken separately. In that study an important
unsolved issue was the origin for the mRNA expression
peak on diestrous–2 day. Taking in consideration the syn-
chrony of ER-β and GnRH, but acting on different sides,

it is possible that the neurotransmitter which is responsi-
ble for synchronicity could also be responsible for a post-
transcriptional mechanism that triggers the diestrous–2 day
GnRH peak.

Hypothetically, the high levels of ER-β mRNA in the
left side of POA–AHA on diestrous–2 day, one day before
preovulatory release of GnRH, may be linked with the GnRH
preovulatory triggering. This triggering effect is suggested
by the presence of the ER-β in GnRH neurons (5,6). At pre-
cisely the same time, GnRH mRNA is peaking, but on the
right side, suggesting a complementary action between ER-
β and GnRH on diestrous–2 day. If true, this necessarily
means close communication between the neurons on both

Fig. 3. Densitometric analysis of GnRH mRNA expression in the left and right side of POA–AHA of cyclic adult female rat at 09:00,
13:00, and 17:00 of estrous, diestrous–1, diestrous–2 and proestrous days. (A) Densitometric analysis of RT-PCR products. Each point
in the graph is a box plot representing the whole distribution of the sample for each side, day, and hour. Note that each experimental group
is represented by a normal distribution with no outlier points. Multivariate analysis of variance was performed (F-ratio = 1368; p = 1e−
5) showing statistical significance between sides, followed by pairwise Tukey tests, showing statistical significant differences (p < 0.05)
between experimental groups, especially between left and right sides of POA–AHA at 13:00 of the diestrous–2 day. (B) Simultaneous
RT-PCR representative assays for GnRH and GAPDH mRNA expression in the left (L) and right (R) side of POA–AHA. RT-PCR was
performed using total RNA isolated from the both sides of POA–AHA of adult female rats during the estrous cycle.
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sides. However, the fact that ERβKO female mice are sub-
fertile while the ERαKO are infertile (15–19) suggests that
ER-β may not be completely involved in GnRH synthesis.

In summary, the results clearly indicate the existence of
asymmetry in ER isoforms and GnRH mRNA expression
in POA–AHA. This asymmetry seems to have distinct func-
tional reproductive tasks and in the ER-β case possibly non-
reproductive tasks. On one hand, the appearance of ER-α
on the right side of POA–AHA could indicate the synthesis

of GnRH; on the other hand, the appearance of ER-β on the
left side of POA–AHA could indicate a triggering role on
GnRH release. Complementation between ER-β and GnRH
seem possible, indicating communication between sides. It
is clear that the participation of estrogens in the regulation
of reproductive functions depends on which side of the hypo-
thalamus, as well as on the type of receptor, they act. It seems
that the right and left side of neuronal structures in POA–
AHA play different roles in the control of endocrine repro-

Table 3
GnRH Tukey Test Pairwise Comparison of mRNA Expression Between POA–AHA Sides

*Probabilities in bold and in shadowed cells indicate statistically significant differences between pairs (p < 0.05). Although Tukey
test was performed for pairs within sides, the data are not shown because only the peaks are statistically significant, as should be expected.
Note that only the peak at diestrous–2 and proestrous days are statistically significant between sides.
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ductive functions, while keeping close communication for
synchronization and time-dependent processes.

Materials and Methods

Animals

Virgin adult female rats CIIZ-V strain from our own stock,
195–225 g body weight, were used. Animals were kept under
controlled lighting conditions (lights on from 0500 to 1900),
with free access to food (Purina S.A., Mexico) and tap water.
Estrous cycles were monitored by daily vaginal smears. Only
those rats showing at least two consecutive 4-d cycles were
used in the experiment.

At 09:00, 13:00, and 17:00 of diestrous-1, diestrous-2,
proestrous, and estrous days, groups of six rats were sacri-
ficed by decapitation. Each experimental group consisted of
three repetitions. After decapitation, the brain was quickly
removed and placed on a dry-ice-cooled plate. A slice (1.4
mm) was cut and the POA–AHA region was punched out
with a needle (0.4 mm inner diameter), following the param-
eters (A-7020 to A-5660) of the Könnig and Klippel (27)
rat’s stereotaxic atlas. The left and right side of POA–AHA
were separated.

Total RNA Isolation and Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)

The conventional methods for mRNA quantitation such
as Northern blot or ribonuclease protection assay sometimes
lack enough sensitivity to study low-abundance mRNA or
to work with limited amounts of biological samples. PCR
is a very powerful tool for evaluation of nucleic acids owing
to its high efficiency, convenience, and better sensitivity, being
chosen frequently for low-abundance mRNA and/or limited
amounts of biological samples. Quantification using North-
ern blot and RT-PCR with ethidium bromide has been re-
ported to show similar results within the standard error (28,29).

Total RNA from each side of POA–AHA was extracted
separately by a single-step method based on guanidine iso-
thyocianate–phenol–chloroform extraction using TRIzol re-
agent (Gibco-BRL). RNA concentration was determined
by absorbance at 260 nm, and its integrity was verified by
electrophoresis on 1.2 % denaturing agarose gels in the pres-
ence of 2.2 M formaldehyde. A 2-µg amount of total RNA
was reverse transcribed to synthesize single-stranded cDNA.
Subsequently, 10 µL of the reverse transcriptase reaction
was subjected to PCR in order to co-amplify a fragment of
GnRH, ER-α and ER-β, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) genes.

The PCR reaction was done in an Eppendorf gradient
thermocycler. The 50 µL PCR reaction included: 10 µL of
previously synthesized cDNA, 20 mM Tris-HCl (pH 8.3),
50 mM KCl, 1 mM MgCl2, 0.2 mM of each the four dNTPs,
0.5 µM of each primer, and 2.5 U of Taq DNA polymerase.
Negative controls without RNA and with nontranscribed
RNA were included in all experiments.

Initial standard conditions were established for GnRH,
ER-α, ER-β, and GAPDH amplification. The cycle num-
ber was performed within the exponential phase of the ampli-
fication process. All PCR products were always studied and
analyzed together throughout the experiments. In all sam-
ples a single product of 250 bp corresponding to GnRH frag-
ment, one of 337 bp corresponding to ER-α, and another
of 301 bp corresponding to ER-β were obtained. Primers
selected for the amplification of GnRH, ER-α, and ER-β
had the following sequences: GnRH sense: CAA CCC ATA
GGA CCA GTG CTG G, GnRH antisense: CAC TAT GGT
CAC CAG CGG GG, ER-α sense: TTC ACA CCA AAG
CCT CGG G, ER-α antisense: TGC AGC AGC ATC AGC
GGA, ER-β sense: TCC CGG CAG CAC CAG TAA C,
ER-β antisense: CCC AGA TGC ATA ATC GCT GC. For
semiquantitative analysis of mRNA from GnRH, ER-α, and
ER-β, RT-PCR amplification of mRNA corresponding to
GAPDH was carried out routinely in parallel as an internal
control of messenger quality and quantity.

After the PCR, amplified products (25 µL) were resolved
on 2% agarose gel stained with ethidium bromide, and photo-
graphed under an UV transilluminator. The image was cap-
tured with the Kodak EDAS 206 system. To determine
changes in the expression of GnRH, ER-α, and ER-β mRNA,
the density and area of each band of the GnRH, ER-α, and
ER-β PCR products were analyzed with the Scion Image
program and values were normalized to densitometric values
of corresponding GAPDH PCR products.

Reagents

Chemical reagents were purchased from Sigma Chemical
Corp. (St. Louis, MO) and Gibco-BRL, Inc. (Gaithersburg,
MD). Taq DNA polymerase was purchased from Perkin-
Elmer (Branchburg, New Jersey).

Statistic Analysis

Normalized densitometric GnRH, ER-α, and ER-β mRNA
expression values of left and right sides of POA–AHA
at 09:00, 13:00, and 17:00 of each day of the estrous cycle
were analyzed. Each experimental group (n = 3) was ana-
lyzed separately using box plots to find outlier distribution
values. In all the groups, the values fell within normal dis-
tribution limits, thus there was no need for more repeti-
tions within groups. Complete box plots were used instead
of the mean ± SEM in Figs. 1A, 2A, and 3A. As an example
Fig. 4 shows the box plot of two experimental groups with
the individual values of each group. From the broken rela-
tive expression axis it can be seen that the distributions seem
independent of each other and that the values in each dis-
tribution should be significantly different from the values
of the other distribution. To determine if there were statisti-
cal significative differences between experimental groups,
especially between experimental groups of different sides,
multivariate analysis of variance (MANOVA) was used,
taking as variables the side, day, and hour, independently,
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and in nested combinations of the three variables. Signifi-
cant results were only obtained when side was used as the
variable and when day and hour were nested under the side.
The F-ratio was calculated and a corresponding probability
of p < 0.05 was considered as statistically significant be-
tween at least two experimental groups. To find which
groups had the statistical differences, pairwise Tukey test
was performed between pairs of experimental groups where
p < 0.05 was accepted as significant. Tables 1, 2, and 3
show those groups that had significative differences between
them for ER-α, ER-β, GnRH, respectively. The tables do
not show pairwise statistics within sides because only the
peaks were statistically significant, as should be expected.
Tables are included for the reader to check which pairs
are significant and which not because is difficult to see it
from the figures directly, especially for nonpeak values. All
statistics were performed using SYSTAT 7.0 for Windows
(SYSTAT, Inc., Evanston, IL).

Acknowledgments

CONACyT Grants 2785-1N and Fellowship121846 sup-
ported this study.

References

1. Conn, P. M. (1994). In: The physiology of reproduction. Knobil,
E. and Neill J. (eds.). Raven Press: New York, pp. 1349–1377.

2. Freeman, M. E. (1994). In: The physiology of reproduction.
Knobil, E. and Neill, J. (eds.). Raven Press: New York, pp.
613–658.

3. Kuiper, G. G., Carlsson, B., Grandien, K., et al. (1997). Endo-
crinology 138, 863–870.

4. Laflamme, N., Nappi, R. E., Drolet, G., Labrie, C., and Rivest,
S. (1998). J. Neurobiol. 36, 357–378.

5. Hrabosvsky, E., Steinhauser, A., Barabas, K., et al. (2001).
Endocrinology 142(7), 3261–3264.

6. Kallo, I., Butler, J. A., Barkovics-Kalo, M., Goubillon, M. L.,
and Coen, C. W. (2001). J. Neuroendocrinol. 13(9), 741–748.

7. Gerendai, I. and Halász, B. (1997). Front. Neuroendocrinology
18, 354–381.

8. Cruz, M. E., Jaramillo, L. P., and Domínguez, R. (1989). J.
Endocrinol. 123, 437–439.

9. Fukuda, M., Hashimoto, R., Yamanouchi, K., Arai, Y., Kimura,
F., and Takada, M. (1992). Zool. Sci. 9, 223–226.

10. Moran, J. L., Cruz, M. E., and Domínguez, R. (1994). Brain
Res. Bull. 33, 663–668.

11. Nance, D. M. and Moger, W. H. (1982). Brain. Res. Bull. 8,
299–302.

12. Nance, D. M., White, J. P., and Moger, W. H. (1983). Brain
Res. Bull. 10, 353–355.

13. Nordeen, E. J. and Yahr, P. (1982). Science 218, 391–393.
14. Davis, P. G., Mc Ewen, B. S., and Pfaff, D. W. (1984). Endo-

crinology 104, 898–903.
15. Krege, J. W., Hodgin, J. B., Couse, J. F., et al. (1998). Proc.

Natl. Acad. Sci. USA 95, 15671–15682.
16. Lubahn, D. B., Mayer, J. S., Golding, T. S., Couse, J. F., Korach,

K. S., and Smithes, O. (1993). Proc. Natl. Acad. Sci. USA 90,
11162–11166.

17. Rissmanb, E. F., Early, A. E., Taylor, J. A., Korach, K. S., and
Lubahn, D. (1997). Endocrinology 138, 507–510.

18. Wersinger, S. K., Sannen, K., Villalba, C., Lubhan, D. J., and
Rissman, E. F. (1997). Horm. Behav. 32, 176–183.

Fig. 4. Example of box plot distribution for two different experimental groups. Box plots for two different experimental groups are shown
together with the sampled values. The box represents the range between the 25–75 percentiles, the square represents the mean, the X’s
represent 1% and 99%, and the underscores represent the minimum and maximum of the distribution. Filled circles represent the values
of the sampled data. The relative expression axis has being broken to accommodate both distributions in the same graph. Note that,
although the distributions are not symmetrical, the data stays within the distributions.



Alpha and Beta Estrogen Receptor Isoforms and GnRH / Arteaga-López et al.260 Endocrine

19. Wersinger, S. K., Hasienleder, D. J., Lubahn, D. J., and Riss-
man, E. F. (1999). Endocrine 11, 137–143.

20. Gerendai, I., Rotsztjen, W., Marchetti, B., Kordon, C., and
Scapagnini, U. (1978). Neurosci. Lett. 9, 333–336.

21. Gerendai, I., Rotsztjen, W., Marchetti, B., and Scapagnini, U.
(1979). In: Neuroendocrinology: biological and clinical aspects.
Polleri A. and MacLeod R. M. (eds.). Academic Press: New
York-London, pp. 97–102.

22. Inase, Y. and Machida, A. T. (1992). Brain Res. 580, 338–
340.

23. Bakalkin, G. Y., Tsibezov, V. V., Sjutkin, E. A., Veselova, S. P.,
Novikov, I. D., and Krivosheev, O. G. (1984). Brain Res. 296,
361–364.

24. Shugrue, P. J., Scrimo, P. J., and Merchentaler, I. (2000). Neu-
roscience 96(1), 41–49.

25. Gore, A. C. and Roberts, J. L. (1995). Endocrinology 136(3),
889–896.

26. Gore, A. C. and Roberts, J. L. (1997). Front. Neuroendocrinol-
ogy 18(2), 209–245.

27. König, J. F. R. and Klippel, R. A. (1963). In: The rat brain: a
stereotaxic atlas of the forebrain and lower parts of the brain
stem. Williams and Wilkins: Baltimore, MD, pp. 162–163.

28. Santagati, S., Garnier, M., Carlo, P., et al. (1997). Brain Research
Protocols 1, 217–223.

29. Wang, A., Doyle, M., and Mark, D. (1989). Proc. Natl. Acad.
Sci. USA 86, 9717–9721.




