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AbstractÐEstrogens can in¯uence the survival, plasticity and function of many adult neurons. Many of these effects, such
as neurite outgrowth and increased dendritic spine density, are mediated by changes in neuronal cytoskeletal architecture.
Since neuro®lament proteins play a key role in the maintenance and remodeling of the neuronal cytoskeleton, we postulated
that changes in neuro®lament light chain mRNA may parallel some of the alterations in neuronal architecture which follow
bilateral ovariectomy. We measured neuro®lament light chain mRNA levels using a ribonuclease protection assay at two
time-points after ovariectomy in mature female rats. One week after ovariectomy, neuro®lament light chain mRNA levels
(corrected for glucose-6-phosphate dehydrogenase mRNA) did not differ from sham-operated animals in the ®ve brain
regions examined (hypothalamus, striatum, hippocampus, frontal cortex and occipital cortex). Four months after ovariectomy, neuro®lament light chain mRNA levels were similarly unchanged in the hypothalamus and striatum. In contrast,
statistically signi®cant increases in neuro®lament light chain mRNA expression were observed in the three regions receiving
basal forebrain projections (hippocampus, frontal cortex and occipital cortex). In situ hybridization demonstrated increases
in neuro®lament light chain mRNA expression involving subpopulations of smaller medial septal neurons. There also
appeared to be an increased number of larger septal neurons following long-term ovariectomy.
We propose that atrophic changes involving basal forebrain projection ®bers are followed by compensatory axonal growth
by other `intact' basal forebrain neurons. Increased neuro®lament light chain mRNA expression and somatic hypertrophy in
medial septal neurons may both be re¯ective of the need to sustain an axonal network which is larger and more complex. In
contrast, increased neuro®lament light chain mRNA expression observed in basal forebrain targets following long-term
ovariectomy may be re¯ective of compensatory changes taking place in local neurons. q 2001 IBRO. Published by Elsevier
Science Ltd. All rights reserved.
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The female menopause is characterized by a loss of
ovaries as a source of estrogen and progesterone production, resulting in signi®cant declines in levels of these
hormones in many older women. 24 Hormone replacement therapy (HRT) with estrogen has been shown to
be useful in the prevention of age-related events such
as peri- and post-menopausal bone loss. Several recent
studies indicate that women receiving HRT tend to have
lower rates of Alzheimer's disease (AD) 18,53 than their
matched controls. In addition, gonadal steroids (GS) can
in¯uence the ability of many cells, including some
neuronal populations, to maintain normal structure and

function. As a result, there has been a growing interest in
exploring the possibility that HRT may prevent AD or, at
least, slow its progression. Although HRT can restore
cognitive de®cits induced by ovariectomy (OVx) in
rodents, most studies of older women have so far been
negative. 12 The above considerations highlight the need
to examine the longer term consequences of OVx, particularly as they impact upon the cytoskeleton, since this
could produce alterations in neuronal architecture, possibly even resulting in lost neuronal connectivity and in
the formation of pathological structures. Estrogens can
modulate the cytoskeletal architecture of susceptible
neurons, since both dendritic spine density in hippocampal pyramidal neurons in rodents, 16,40 as well as
outgrowth of neurites in cell cultures 5,6,31 have been
shown to increase as a function of higher estrogen levels.
AD, the most common neurodegenerative cause of
dementia in old age, is characterized primarily by a
degeneration of cholinergic neurons in the basal forebrain. As a result, a cholinergic de®cit develops in relevant projection areas, particularly the neocortex and the
hippocampus, with resultant cognitive de®cits involving
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attention, learning and memory. Interestingly, OVx in
rodents impairs cholinergic function 15,33 and GS replacement, especially with 17b-estradiol administration, tends
to alleviate the negative effects of OVx on cholinergic
parameters as well as on cognitive performance involving a number of learning and memory tasks. 37,44 The
precise mechanisms leading to the profound, yet highly
speci®c, neurodegeneration observed in AD have not
yet been determined. Nevertheless, one of the cardinal
pathological features of AD is a neuro®brillary anomaly
consisting of the accumulation of neuro®lament proteins 50 in the neuronal perikaryon, 19 in dystrophic neurites within neuropil threads, 57 in neuritic plaques 11,42,57
and in neuro®brillary tangles. 56,60 Neuro®laments are
heteropolymers composed of three proteins, a major
component of the axonal cytoskeleton being the neuro®lament light chain protein (NF-L, 68 kDa). Intracellular
accumulation of NF-L protein as a result of NF-L overexpression in transgenic mice produces speci®c pathologic changes with perykarial swelling, as well as
neurodegeneration in the spinal cord 62 and in speci®c
brain areas 34 (for review see Ref. 26). In contrast to the
accumulation of neuro®lament proteins, NF-L mRNA
levels appear to be decreased in brains affected by
AD, 10,35 in other neurodegenerative diseases, 26 as well
as in normal aging. 28,46
We previously showed that the development of axonal
atrophy in aged sympathetic neurons was associated with
decreased NF-L mRNA expression, and proposed that
modulation in NF-L expression could be one of the
primary events leading to axonal atrophy and possibly
degeneration. 28 In order to determine whether the deleterious effects of post-menopausal ovarian hormone de®ciency on neuronal function could be mediated through
modi®cation of the cytoskeletal neuronal structure, we
examined the effects of bilateral OVx on NF-L mRNA
expression in speci®c rat brain regions. We used a ribonuclease protection assay and in situ hybridization to
analyse the effects of short-term (1 week) or long-term
(4 months) OVx on cerebral NF-L mRNA expression.
We focussed on the basal forebrain and the major targets
of its projections, hippocampus and cortex, since these
regions play a role in cognition. Using in situ hybridization, we also investigated whether overall changes in
NF-L mRNA levels were due to alterations in expression
involving sub-populations of medial septal neurons or
CA1 hippocampal neurons.
EXPERIMENTAL PROCEDURES

Animals and surgery
Female Fischer 344 rats (retired breeders) were obtained at the
age of nine to 10 months from a single colony (Harlan Sprague
Dawley, Indianapolis, IN). Animals were housed two per cage in
an approved animal care facility with water and food provided ad
libitum for at least two weeks prior to the performance of any
surgical procedures. All efforts were made to minimize both the
suffering and number of animals used and all experiments were
approved by the McGill University animal care utilization
committee and carried out in accordance with the requirements
of the Canadian Council on Animal Care.
Vaginal examinations and cytological studies were performed
in all animals prior to the surgery in order to co-ordinate its timing

within the estrous cycle. Following the onset of anesthesia with
ketamine (8.5 mg/100 g) and xylazine (0.3 mg/100 g) i.m., either
sham or bilateral OVx surgery was performed using a posterior
surgical approach. Complete surgical castration was ensured by
the visible appearance of vaginal mucosal atrophy as well as a
vaginal cytological smear exhibiting the absence of mature
epithelial cells. Vaginal smears were performed on all animals
within 1 week after the surgery. The presence of mature cells on
vaginal cytology in OVx animals was indicative of stimulation by
estrogen from residual ovarian tissue and any such animals would
normally be killed and completely excluded from further analysis. RNase protection assay was performed one week (short-term
OVx) or four months (long-term OVx) after surgery and in situ
hybridization experiments were conducted only at the latter timepoint (i.e. four months after surgery). Vaginal examinations and
cytological studies were performed in all animals during the week
prior to death. None of the OVx animals demonstrated any
evidence of estrogen stimulation, while as expected for 13±14month-old rats, most sham animals were in a state of constant
estrus. The remaining sham animals demonstrated cyclical
patterns and were killed during estrus.
RNA extraction
Following induction of deep anesthesia, rats (16 sham and 12
Ovx for each time-course) were decapitated. Their brains were
rapidly removed and chilled. Speci®c cerebral regions (frontal
and occipital cortex, hippocampus, hypothalamus and striatum)
were dissected on ice and all tissues were then immediately snap
frozen and kept at 2808C until used. Total RNA was extracted
according to the modi®ed method of Chomczynski. 9 Tissues were
homogenized using glass/Te¯on homogenizers in TRIzol reagent
(Gibco BRL, Gaithersburg, MD). Following chloroform extraction, RNA contained in the aqueous phase was precipitated with
isopropanol. Resulting pellets were then washed with 70%
ethanol, air-dried, re-suspended in diethylpyrocarbonate (DEPC)treated H2O and stored at 2808C. Quantitation of the total RNA
concentration in each individual sample was performed by
spectrophotometry (UV absorbency at 260 nm and 280 nm).
Ribonuclease protection assay
For RNase protection analysis a 349 base-pair fragment of the
rat NF-L cDNA 27 representing bases 125±474 was subcloned into
bluescript (Stratagene, La Jolla, CA). A 32P-labeled antisense RNA
probe was prepared using T3 RNA polymerase (Promega, Madison,
WI), under conditions recommended by the manufacturer. For
internal control, a 32P-labeled RNA probe was prepared from a
316 base-pair fragment of glucose-6-phosphate dehydrogenase
(GAPDH) cDNA (Ambion, Austin, TX). Riboprobes were treated
with DNase 1 (1 unit/mg DNA, 378C, 30 min). RNase protection
assay was performed as described earlier.29 For each reaction, 5 mg
of total RNA was combined with 108 c.p.m. of labeled NF-L and
GAPDH probe, respectively, and allowed to hybridize overnight at
428C in 90% formamide. Non-hybridized RNA was digested with
RNase A (40 mg/ml) and RNase T1 (2 mg/ml) for 1 h at 378C.
RNases were deactivated by treatment with proteinase K (90 mg/
ml) for 30 min at 378C. The protected RNA:RNA duplexes were
electrophoresed on a non-denaturing 8% polyacrylamide gel at
200 V over 4 h in order to produce a satisfactory resolution of the
NF-L and GADPH bands. The gel was dried and exposed for 2 h on
a phosphoimager screen. Intensity of chemoluminescent bands was
measured using a phosphoimager system (Fuji BAS 2000). Levels
of NF-L mRNA were normalized by expressing them as a ratio of
NF-L mRNA/GAPDH mRNA. Linearity of assay was assured by
the development of standard curves using both varying amounts of
total RNA and known quantities of synthetic sense NF-L RNA
(data not shown).
In situ hybridization
Following anesthesia and decapitation, brains were removed
from rats (three sham and three OVx). The two hemispheres were
separated and two complementary hemibrains, one from a sham
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animal and the other from an ovariectomized rat, were jointly
embedded in cold Tissue-Tek medium (Miles Laboratory,
Tarrytown, NY). They were then frozen at 2558C in 2-methyl
butane and stored at 2808C until further use. Sections (10 mm)
were cut from frozen tissue using a cryostat and were mounted on
slides (Probe-on, Fisher Scienti®c). They were hybridized overnight at 428C in a humidi®ed chamber with a solution containing
80 ng of sense or antisense oligonucleotide probes labeled with
33
P-dATP (3000 Ci/mmol, NEG-312H, New England Nuclear,
Boston, MA); 1 Ci  37 GBq). Hybridization buffer contained
50% formamide, saline sodium citrate (SSC) 4£, dextran sulfate
(100 mg/ml), sarcosyl (1%), Denhardt's solution (1£), salmon
sperm DNA (6 mM) and dithiothreitol (6 mM). Sense and antisense oligonucleotides were labeled using terminal transferase
reaction. 49 After hybridization, sections were washed four times
at 558C for 15 min and once at room temperature for 30 min in
SSC 1£. The slides were washed in deionized water and dehydrated in 65%, 95% and 100% ethanol solution. Finally, slides
were dried, dipped in emulsion (NTB2 Kodak, 1:1 with distilled
water) and exposed for ®ve days, after which they were developed, stained with 0.002% Toluidine Blue, and ®nally mounted
with Permount and a coverslip. Anatomical identi®cation of adult
brain structures was based on the atlas of Paxinos and Watson.
Image analysis (in situ hybridization)
Quantitative measurements were performed on images
captured with a cooled-CCD camera (Star I, Photometrics)
from a sham and an ovariectomized hemibrain mounted on the
same slide. All measurable cells with visible nucleus and cytoplasm were selected for analysis (total number of neurons examined in control/ovariectomized hemibrains: medial septum,
n  204/231; CA1 region of hippocampus, n  590/436). Densities of grains present over the cellular cytoplasm were determined
using dedicated software (ImagePro, Media Cybernetic). Grain
density was corrected by subtracting background values and
expressed as a labeling index (LI) de®ned by the ratio of grain
density over the background.
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selected because of its known responsiveness to estrogen,
while the striatum was chosen in view of its relative
stability in AD. The septum was not dissected for
RNAse protection studies in view of its proximity to
other relevant structures and the inevitable presence of
non-septal neurons in dissections obtained using standard
techniques. However, three regions that are known
targets of basal forebrain projections were studied
(hippocampus, frontal cortex and occipital cortex). In
order to see whether acute deprivation of GS-induced
changes in NF-L mRNA expression, we measured levels
of NF-L mRNA on gel bands (Fig. 1) corrected for
GAPDH mRNA after short-term OVx. NF-L mRNA:
GAPDH mRNA ratio varied somewhat in the different
regions examined and ranged from ,0.30 (hypothalamus) to ,0.70 (striatum, hippocampus, cortex) in
sham animals. Following short-term OVx, there were no
signi®cant or consistent changes in NF-L mRNA expression in any of the regions examined (Figs 2, 3). Although
there was a non-signi®cant trend for decreased NF-L
mRNA expression (up to 28.8%) in the striatum, frontal
cortex and hippocampus after OVx, there was a trend in
the opposite direction in the hypothalamus and occipital
cortex (up to 19%). We subsequently repeated these
analyses after a long-term OVx to determine which
of these tendencies may be enhanced by chronic GS
deprivation. NF-L mRNA/GAPDH mRNA levels were
signi®cantly increased after long-term OVx in the hippocampus, frontal cortex and occipital cortex (14.9%,
112% and 18.8% respectively; P , 0.02; Fig. 3).
Changes in striatum (24%) and hypothalamus (111.8%)
were not signi®cant (Fig. 2).

Statistical analysis
For RNAse protection assay, the differences between the average of NF-L:GAPDH mRNA ratio in OVx vs sham group were
statistically analysed using a one-way or two-way analysis of
variance. For in situ hybridization studies the LI values of
neuronal cells exhibiting a signi®cant signal (i.e. LI . 1) were
compared between neurons in sham and ovariectomized animals
using a Mann±Whitney rank sum test and a chi-square analysis.
In all instances P , 0.05 was considered statistically signi®cant.
RESULTS

Animals
All ovariectomized animals demonstrated a complete
absence of mature vaginal cells at these time-points, while
cytological smears from most sham-operated animals
exhibited constant estrus, a pattern typical for animals of
this age.32 Completeness of bilateral OVx was also
con®rmed by a post mortem examination where all OVx
animals included in our study exhibited profound uterine
atrophy. As expected, bilateral OVx surgery was associated
with a signi®cant gain in body weight (275 ^ 30 g vs
305 ^ 25 g; P , 0.05) and uterine weights decreased signi®cantly (758 ^ 117 mg vs 247 ^ 89 mg; P , 0.05).
Ribonuclease protection assay
We evaluated the impact of both short-term (1 week)
and long-term (4 months) OVx on NF-L mRNA expression in ®ve discrete brain regions. The hypothalamus was

In situ hybridization
In situ hybridization studies were conducted in order to
determine whether any changes in NF-L mRNA expression could be observed in medial septal neurons. Another
goal was to see whether some of the modest increase
in overall NF-L mRNA levels in the septal targets
could be localized to any particular subset of hippocampal neurons. The pyramidal layer of the CA1 ®eld
of the hippocampus was of particular interest, since many
estrogen-mediated morphological changes have been
described in this subregion. 16 Figure 4 represents a
photomicrograph with cells labeled by NF-L antisense
probe in both structures examined. The majority of
cells both in the medial septum and the CA1 region
of the hippocampus demonstrated a modest expression of NF-L mRNA (Figs 5, 6), while some expressed
NF-L mRNA at levels near that of the background. Most
hippocampal cells demonstrating low NF-L mRNA
expression (i.e. LI # 1) tended to be smaller with an
area between 100 and 300 mm 2 (Fig. 6). Further statistical analyses were performed on cells with a signi®cant
level of NF-L expression (i.e. LI . 1). The mean value
of LI in this case was signi®cantly greater in the OVx
group compared to sham animals in the septum
(14.5 ^ 2.5 vs 8.0 ^ 0.7, P , 0.01), but not in the
CA1 region of the hippocampus (8.2 ^ 0.4 vs 8.1 ^ 0.3).
The proportion of neurons demonstrating a signi®cant
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NF-L/GAPDH mRNA
(% of control)

Fig. 1. Representative gel from one sham and one OVx animal showing the effect of OVx on NF-L (upper band, 349 bp) and GAPDH
(lower band, 316 bp) protected RNA:RNA duplexes. Levels of NF-L mRNA were evaluated by phosphoimaging and normalized by
expressing them as a ratio of NF-L:GAPDH mRNA signal. Str, striatum; Fr cx, frontal cortex; Hy, hypothalamus; Hi, hippocampus;
Occ cx, occipital cortex.
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Fig. 2. Measurement (expressed as mean percentage of controls ^ S.E.M) of NF-L mRNA changes induced by long-term or shortterm OVx in control areas, i.e. hypothalamus (A) and striatum (B). There was no signi®cant change in NF-L level following either
short- or long-term OVx.
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Fig. 3. Measurement (expressed as mean percentage of controls ^ S.E.M) of NF-L mRNA changes induced by long-term or shortterm OVx in brain areas related to cognition, i.e. hippocampus (A), frontal cortex (B) and occipital cortex (C). Ratios were increased
in ovariectomized animals (n  12) compared with sham (n  16) only following long-term OVx (P , 0.05).

NF-L mRNA expression (i.e. LI . 1) in the medial
septum did not change after OVx (sham vs OVx; 78%
vs 74%; NS). Although, the proportion of CA1 hippocampal neurons with LI . 1 appeared to increase with
OVx, this difference did not reach statistical signi®cance
(sham vs OVx; 88% vs 96%; P  0.06, NS). In the medial
septum, a population of small neurons (50±250 mm 2)
expressed much higher NF-L mRNA expression
(LI . 6) after long-term OVx (Fig. 5). Following longterm OVx there also appeared to be an increased number

of larger (400±800 mm 2) neurons demonstrating a
moderate up-regulation of NF long-term OVx (Fig. 6).
DISCUSSION

Our results provide quantitative evidence that NF-L
mRNA expression is increased in speci®c brain regions
following long-term, but not short-term, OVx. As
discussed below, we propose that this increase in NF-L
mRNA expression could be re¯ective of an axonal
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Fig. 4. NF-L mRNA in situ hybridization. Representative images are presented from medial septal (A, B) and CA1 hippocampal (C,
D) regions in sections obtained from animals which had undergone sham (A, C; n  3) or bilateral OVx (B, D; n  3) surgery four
months earlier. Large arrows (A±D) highlight neurons which express NF-L mRNA, demonstrating increased expression in some
septal neurons after bilateral OVx (top arrow in B). Small arrows indicate the presence of smaller hippocampal neurons which
express very low (i.e. non-speci®c) NF-L mRNA levels. Scale bar  10 mm.

reorganization that has taken place in order to compensate for a loss of GS trophic support for certain categories
of responsive neurons.
Regional and temporal speci®city of the effects induced
by ovariectomy
Neuro®lament proteins are a major cytoskeletal constituent and play an important role in both the attainment and maintenance of normal neuronal structure. In
this study, we examined the effects of both short- and
long-term OVx on NF-L mRNA expression in several rat
brain regions. OVx has been shown to result in a number
of atrophic changes. These include alterations in a variety
of intracytoplasmic organelles such as the endoplasmic
reticulum, mitochondria and lysosomes, as well as
depletion of microtubules and ®laments in dendritic processes. 7 In addition, GS (particularly estrogen) concentration reduction provoke dendritic spines withdrawal in

both hippocampal 16,40 and septal 38 neuronal cultures. NF-L
mRNA levels are reduced in early axonal degeneration, 28
in aging, 46 as well as in several neurodegenerative
diseases. 25 As a result, we expected that the atrophic
effect of OVx would result in decreased NF-L mRNA
expression, particularly in the brain regions known to be
highly sensitive to estrogen. Contrary to these expectations, in our studies, short-term (one week) OVx did not
appear to have a signi®cant effect on NF-L mRNA
expression in any of the brain regions studied, including
the hypothalamus, which is known to be estrogen sensitive. However, when a much later time-point was
evaluated, data obtained using RNAse protection
measurements indicated modest but signi®cant increases
in NF-L mRNA expression involving the hippocampus,
the frontal cortex and occipital cortex, but not the hypothalamus or the striatum. In situ hybridization evaluation of the medial septum also demonstrated increases
in NF-L mRNA expression. We performed both
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Fig. 5. Distribution of LI (expressed on a logarithmic scale) as a function of the cytoplasmic area of cells in the medial septum of
sham (left panel, n  3) or ovariectomized (right panel, n  3) animals. Each dot represents one cell counted in either of two
hemisections, one from sham, one from ovariectomized groups processed through in situ hybridization together on the same
slide. A population of small neurons expressed high levels of NF-L mRNA after long-term OVx (upper left quadrant).
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Fig. 6. Distribution of LI (expressed on a logarithmic scale) as function of the cytoplasmic area of cells in the CA1 pyramidal layer of
the hippocampus of sham (left panel, n  3) or ovariectomized (right panel, n  3) animals. Each dot represents one cell counted in
either of two hemisections, one from sham, one from ovariectomized groups processed for in situ hybridization together on the same
slide. There appeared to be fewer neurons expressing low levels of NF-L mRNA (LI , 1) after long-term OVx (x-axis).

RNAse protection and in situ hybridization NF-L mRNA
measurements in the hippocampus. Interestingly, while
NF-L mRNA expression increased in the former study
after long-term OVx, it did not change in the latter. This
difference can be attributed to the fact that the in situ
study focussed on the pyramidal layer of the CA1 region,
while mRNA was extracted from the entire hippocampus
for RNAse protection measurements. In addition, the
ability of the two techniques to quantify small differences
in mRNA expression varies.
Our results ®rst indicate that the effects of GS deprivation on NF-L expression are delayed. The differential
effects of OVx with time have been previously reported
in other systems where long-term, but not short-term,
OVx induced changes in choline acetyltransferase
(ChAT), the tyrosine kinase receptor trkA, 36 nerve
growth factor (NGF), brain-derived factor 54 and dopamine

transporter 4 mRNA expression. Thus, the delayed impact
of GS de®cit on NF-L mRNA expression is by no means
unique or speci®c for this gene, supporting the concept
that secondary compensatory mechanisms are likely to
play a role in these events.
Our ®ndings also emphasize the profound effects of
GS de®cit on basal forebrain and related regions, which
are the anatomical substrate for cholinergic neurotransmission. Interestingly, cholinergic neuron functioning is
impaired by OVx, as demonstrated by numerous studies
showing decreases in ChAT activity, 61 choline uptake 43
and acetylcholine release, 15 as well as diminished ChAT
and trkA mRNA expression. 14,36 Recent studies propose
that this impairment may result from a synergistic interaction between estrogen and neurotrophin pathways (see
Ref. 55), as basal forebrain cholinergic neurons speci®cally express NGF receptors and show high-af®nity
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estrogen binding sites 59 and estrogen a-receptor-like
immunoreactivity. 13,37 Thus, the vulnerability of cholinergic neurons to OVx due to alteration of trophic support
provides support for our observations demonstrating that
long-term OVx has a particularly signi®cant effect on
NF-L mRNA expression in basal forebrain neurons, as
well as in neurons in areas receiving basal forebrain
projections. In situ hybridization studies demonstrated
that increased NF-L mRNA expression was occurring
in a subpopulation of individual neurons in the medial
septum. Although there were no signi®cant changes in
NF-L mRNA expression in the pyramidal layer of the
CA1 region of the hippocampus, overall hippocampal
expression of NF-L mRNA increased. The increases in
NF-L mRNA expression following long-term OVx may
be taking place in other hippocampal cells such as the
ones located in the dentate gyrus or the CA2±3 ®elds.
Alternatively, it is also possible that small neurons which
normally express very low levels of NF-L mRNA
demonstrate small increases in this expression following
OVx, increases which may have been dif®cult to detect
using in situ hybridization. Our data indicate the possibility that long-term OVx increases the proportion of
CA1 neurons which express signi®cant NF-L mRNA
(LI . 1). These latter cells may be local neurons with
short axonal process, since neuronal neuro®lament
expression appears to correlate with, and possibly determine, the size 51 and caliber 20 of individual axons. Based
on these considerations, it could be proposed that OVx
®rst induces morphological alterations including axonal
atrophy involving basal forebrain neurons 13 and that this
deafferentation of projection areas is followed by
compensatory sprouting re¯ected by NF-L mRNA upregulation. Such reorganization of the terminal arborization could be taking place both in ªintactº basal forebrain
neurons projecting to these targets, as well as in local
neurons in these target regions.
Relevance of increased neuro®lament mRNA expression
to cytoskeletal changes
It is not entirely clear whether NF-L plays an active
role in either neuronal regeneration or sprouting. In favor
of the proposal that NF-L plays a role in axonal growth
are studies showing that neurite outgrowth in cultured
cells is associated with NF-L up-regulation. 58 However,
a lack of NF-L in NF-L knock-out mice does not prevent
axonal regrowth after a sciatic nerve crush injury but
introduces a delay in maturation of axons. 63 In contrast,
NF-L mRNA levels are decreased in the dorsal root
ganglion in the early phase of axonal injury following a
sciatic nerve lesion in rats. 22,29 This reduction is reversed
after 12 weeks of nerve regrowth 23 suggesting that NF-L
is more important in the late, than the immediate, phase
of axonal regrowth. Consistently, the lack of change in
NF-L expression after short-term OVx demonstrated
here indicates that NF-L is probably not required for
immediate sprouting. Based on these considerations,
we propose that the increased NF-L mRNA levels in
long-term OVx re¯ect previous axonal collateral sprouting in neurons now required to sustain larger and more
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complex axonal projections. This proposal concurs with
a role for neuro®laments in the consolidation of previous
neuritic growth through either a stabilization of microtubules and actin ®lament dynamics or the creation of an
axonal scaffold (for reviews, see Refs 25 and 26). An
interesting alternative hypothesis regarding the role of
neuro®laments in axonal growth has been suggested by
Gupta and colleagues. They proposed that up-regulation
of neuro®lament expression is the actual rescue mechanism which prevents or delays neurodegeneration 17 based
on a correlation between good preservation of neuronal
morphology and the level of neuro®lament overexpression after induced-delayed neurotoxicity. This
hypothesis is consistent with our results, since increased
NF-L mRNA levels could be re¯ective of the induction
of such a protective effect taking place in response to the
loss of trophic support, as a result of diminished GS
levels.

Mechanisms of ovariectomy effects on neuro®lament
mRNA levels
Whether or not NF-L mRNA expression is under the
direct control of GS is not known. OVx results in a de®cit
of estrogen and rodent NF-L promoter possesses both
AP-1 and sp1 sites, 48,41 which are both part of the estrogen responsive element. 45 AP-1 transcription factors
such as fos and jun can be induced by estrogen in
vivo, 8 and are able to enhance NF-L expression in
culture. 48 However, the lack of major changes in NF-L
mRNA expression after short-term OVx does not support
the presence of a strong estrogenic control of the NF-L
promoter in mature rats. Moreover, there is no clearcut correlation between topographic brain distribution
of the regions which demonstrated increased NF-L
mRNA expression and the ones able to bind estrogen 47
or express estrogen receptors. 52 The hypothalamus, in
particular, is highly receptive to estrogen, but OVx had
virtually no effect on NF-L mRNA expression in this
region. In contrast, changes in NF-L mRNA levels in
the cerebral neocortex and hippocampus are quite widespread, although estrogen receptors are only expressed
modestly in discrete neuronal subpopulations of these
regions. 52
Indirect effects of OVx on NF-L mRNA levels could
be exerted by intermediary agents known to increase NF-L
expression. For example, both NGF 30,21 and somatostatin 58 are able to enhance NF-L expression in vitro.
Interestingly, both NGF 2 and somatostatin 39 content is
increased after cholinergic de®cit in the hippocampus
and cortex and OVx is known to induce cholinergic de®cit in these regions. A hypothetical scenario for increased
NF-L expression after OVx may involve these proteins.
To further establish a parallel with our ®nding, NGF has
been suggested to promote neuritic reorganization of
preserved neurons after cholinergic deafferentation. 1,3
Future studies will be required to establish whether or
not neurotrophin or related molecules can be implicated
in OVx-induced changes in neuro®lament expression and
cytoskeletal reorganization.
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CONCLUSIONS

To date, most studies examining the role of ovarian
hormones on brain function have evaluated the impact of
short-term OVx and the administration of exogenous
estrogens, often in supraphysiological concentrations.
In contrast, we showed that chronic, but not short-term,
OVx induced up-regulation of NF-L mRNA which may
be important to sustain stabilization of the axonal arborization at the level of the ªpartiallyº denervated targets of
septal projections. These results suggest that the impact
of the GS de®cit on the brain is progressive and that the

bene®ts of HRT on neural function may be dependent on
the timing of its administration following onset of GS
de®cit.
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