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EURONAL CYTOSKELETAL ALTERATIONS IN AN EXPERIMENTAL
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bstract—It has been proposed that depression is associ-
ted with hippocampal morphological changes. The apical
endrite atrophy of hippocampal CA3 pyramidal neurons has
een described in experimental models of depression. The
im of the present study was to determine which cytoskeletal
omponents are involved in the morphological changes pre-
iously described in the hippocampus of depressed animals.
he expression of different neuronal cytoskeletal markers
as analyzed by immunohistochemistry in rats exposed to a

earned helplessness paradigm, an experimental model of
epression. Rats were trained with 60 inescapable foot
hocks (0.6 mA/15 s) and escape latencies and failures were
ested 4 days after training. Animals in which learned help-
essness behavior persisted for 21 days were included in the
epressed group. No foot shocks were delivered to control
ats. Microtubule-associated protein 2 (MAP-2) and light
NFL; 68 kDa), medium (NFM; 160 kDa) and heavy (NFH; 200
Da) neurofilament subunit immunostainings were analyzed
mploying morphometric parameters. In the depressed
roup, NFL immunostaining decreased 55% (P<0.05) and
0% (P<0.001) in CA3 and dentate gyrus, respectively. In the
ame areas, MAP-2, NFM and NFH immunostainings did not
iffer between depressed and control animals. Since NFL is
resent in the core of mature neurofilament, it is proposed
hat hippocampal depression-associated plastic alterations
ay be due to changes in the dynamics of the neurofilament

ssembly. © 2004 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: intermediate filaments, light neurofilament sub-
nit, hippocampal plasticity, hippocampal atrophy, learned
elplessness paradigm.

ajor depression is a mood disorder affecting 8–12% of the
opulation (Andrade et al., 2003). Several theories have
een developed to explain the neurobiological substrate of
his condition. One of the most consistently observed

Correspondence to: A. Reinés, Instituto de Investigaciones Farma-
ológicas (ININFA), CONICET, Junín 956 5to. Piso, 1113 Buenos
ires, Argentina. Tel: �54-11-4961-5949; fax: �54-11-4961-8593.
-mail address: areines@ffyb.uba.ar (A. Reinés).
bbreviations: ANOVA, analysis of variance; DG, dentate gyrus;
AP-2, microtubule-associated protein 2; mf, mossy fibers; NF, neu-

ofilament; NFH, heavy neurofilament subunit; NFL, light neurofila-
L
ent subunit; NFM, medium neurofilament subunit; PBS, phosphate
uffer saline; pyr, pyramidal cell layer.
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hanges both in humans suffering depression and in animal
odels of this disorder is the atrophy and dysfunction of the
ippocampus (Magariños and McEwen, 1995a; Sheline et
l., 1996; Galea et al., 1997; Lambert et al., 1998). Consid-
rable effort has been made in order to identify the mecha-
isms that produce these alterations. It has been demon-
trated that high glucocorticoid and glutamate levels contrib-
te to induce dendritic retraction in CA3 pyramidal neurons of
ippocampus (Magariños and McEwen, 1995b; McEwen,
999). In the long term, the high level of these neuroactive
ubstances has been proposed to decrease hippocampal
lutamate release (Ferrero et al., 2003) and described to

mpair the hippocampus-dependent behaviors, such as spa-
ial or inhibitory avoidance learning (Bisagno et al., 2000). All
hese alterations should have structural correlation at subcel-
ular level. However, reported attempts aimed to analyze

icrotubule-associated protein 2 (MAP-2), a neuronal phos-
hoprotein predominantly associated with dendritic microtu-
ules, have failed to find significant changes in the hippocam-
us of chronically stressed rats (Kuroda and McEwen, 1998).
hese findings seem to have discouraged further investiga-

ion on this matter, and in fact no additional evidences are
vailable on the cytoskeletal modifications observed in ani-
al models of depression.

As cytoskeleton has a major role in neuronal cytoar-
hitecture and function (Lazarides, 1980; Nixon and Sihag,
991; Julien, 1999), it is reasonable to predict that cy-
oskeletal components might be affected in depressed an-
mals leading to hippocampal structural alteration and
unctional impairment. Neuronal cytoskeleton is composed
f three types of filaments: actin microfilaments, microtu-
ules and intermediate filaments. Neurofilaments (NF), the
ajor type of intermediate filaments in adult neurons, com-
rise three subunits: light (NFL; 68 kDa), medium (NFM;
60 kDa) and heavy (NFH; 200 kDa) (Alberts, 1994).
hese subunits have been observed altered in several
odels of neurodegenerative diseases (Al-Chalabi and
iller, 2003; Norgren et al., 2003), and disruption of their
xpression has important consequences on neuronal func-
ion (Julien, 1999; Gotow, 2000).

Thus, the aim of this study was to determine which
euronal cytoskeletal components are involved in the
tructural changes described in the hippocampus of de-
ressed animals. For this purpose, neuronal cytoskeletal
arkers were analyzed in the hippocampus of rats ex-
osed to an experimental model of depression: the learned
elplessness paradigm. In this behavioral procedure ani-
als exposed to inescapable foot shocks fail to escape

rom similar stressful stimuli in a subsequent test session.

earned helplessness has been used for screening the

ved.
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ntidepressant activity of drugs and, as mentioned above,
s also considered to be an experimental model of depres-
ion (Thiébot et al., 1992). The presence of neuronal in-
ermediate filaments NFL, NFM, NFH and of MAP-2 was
valuated in different hippocampal areas by immunohisto-
hemistry.

EXPERIMENTAL PROCEDURES

nimals and drugs

ale Wistar rats weighing 200–230 g at the beginning of the
xperiment were used. Animals were purchased at the Bioterio
entral, Facultad de Ciencias Exactas y Naturales, Universidad
e Buenos Aires, Buenos Aires, Argentina, and housed in groups
f five in an air- and light-controlled room (temperature: 22 °C,

ight phase: 08:00–20:00 h). Food and water were given ad libi-
um. Experiments were all carried out in accordance with the local
uidelines and with the Guide for Care and Use of Laboratory
nimals provided by the National Institutes of Health, USA. Spe-
ial care was taken to minimize the number of animals used and
heir suffering.

All chemical substances were of analytical grade. Mouse
onoclonal anti-MAP-2, mouse monoclonal anti-NFL, mouse
onoclonal anti-NFM, mouse monoclonal anti-NFH, secondary
iotinylated antibodies and streptavidin complex used for immu-
ohistochemistry studies were purchased from Sigma Chemical
o. (St. Louis, MO, USA).

earned helplessness paradigm in rats

Learned helplessness induction. The learned helplessness
aradigm was performed according to Nakagawa et al. (1999), with
odifications. Rats were randomly assigned to shocked and control
roups. Animals were individually placed in the treatment chamber
hat consisted in a 28�21�25 cm3 box with black Plexiglas walls and
quipped with a stainless-steel grid floor. A constant-current shock-

ng device was used to deliver 60 inescapable foot shocks (0.6 mA)
or 15 s every min (i.e. for 1 h; shocked group). Control rats were
laced on the grid in identical chambers for 1 h, without receiving the
ncontrollable electric shocks. After this session, animals were re-
laced in their own cages. All the helplessness induction trials were
erformed during the morning.

Learned helplessness behavior test. To evaluate escape

ig. 1. Anatomical localization of the hippocampal areas used for the i
ection of the hippocampus immunostained for NFM, corresponding to
nd Watson (1986). The staining allows observing the CA3, CA2 and D
mmunohistochemical studies. The bright field photograph shows a 60-�m-thick
plates 32–34 (from Bregma �3.14 mm to �3.60 mm) of the atlas of Paxinos
eficits, testing sessions took place 4 days after the learned
e
s

ig. 2. Escape deficit in control and shocked animals. Rats were given
nescapable foot shocks (shocked group) or placed on the grid in identical
onditions without receiving uncontrollable electric shocks (control group).
o evaluate the acquisition and persistence of learned helplessness
ehavior, escape deficit was measured respectively in animals subjected
o an avoidance task at 4 and 25 days after learned helplessness induc-
ion. Results are mean values (�S.D.) of four to 16 animals and are
xpressed as (A) escape latency in minutes and (B) number of escape
ailures. Acquisition (day 4) and persistence (day 25) of learned helpless-
ess behavior are shown as increased escape latency and number of

scape failures in depressed animals. * P�0.05 versus control and
hocked-non-depressed groups, by non-parametric Kruskal-Wallis test.
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elplessness induction. Animals were subjected to an avoidance
ask in a shuttle box which consisted of two equal-sized compart-

ig. 3. Photographs show the NFL-immunolabeled structures of CA3 (
on-depressed) and control animals. First panel: (A) control group in C

n CA3. Middle panel: (D) control group in CA2; (E) shocked–depre
G) control group in DG; (H) shocked–depressed group in DG; (I) sh
yramidal cell layer.

ig. 4. Area of NFL immunoreactive fibers in shocked and control
nimals. Twenty-five days after the training session, shocked (de-
ressed and non-depressed) and control animals were killed, brains

mmediately removed and processed by immunohistochemistry. Data
re expressed as the area of NFL immunolabeled fibers (�m2) and
epresent the mean values (�S.D.) of three to four individual experi-
ents for each hippocampal region. Depressed animals showed a

ignificant NFL immunoreactive area decrease in CA3 and DG. Ani-
als that received the uncontrollable foot shock but failed to develop

earned helplessness behavior presented no changes in hippocampal
s
FL-immunolabeled structures. * P�0.05, *** P�0.001 between bars,
y one-way ANOVA followed by Bonferroni test.
ents divided by a Plexiglas partition fitted out with an opening
7�7 cm) and with a grid floor consisting of stainless-steel rods
laced 1 cm apart. Animals were placed individually into the
huttle box and allowed to habituate to the environment for 5 min.
ollowing this exploration time, 15 stimulus-shock trials (0.6 mA)
ere presented for a period of 15 min, i.e. one trial per min. In
ach trial, the shock duration was 20 s with an intertrial time of
0 s. In the first five trials, the door was opened immediately after
tarting the shock and in the rest 10 trials there was a 4-s delay
eriod after starting the shock. The number of failures to change
rom the shuttled side to the safe side (the failure to respond
uring the 20-s shock on) and the escape latency were recorded
s the way to evaluate the learned helplessness behavior acqui-
ition. Persistence of this behavior was re-evaluated 21 days later.
nly animals in which learned helplessness behavior persisted for
1 days were included in the depressed group. In order to avoid
nnecessary shock to control animals, they were exposed to the
est at day 4 or 25.

issue fixation

fter being tested in the learned helplessness paradigm at day 25,
nimals were deeply anesthetized (50 mg/kg ketamine hydrochlo-
ide and 2 mg/kg xylazine, i.p.) and perfused through the left
entricle, initially with a saline solution containing 50 IU of heparin
nd subsequently with a fixative solution containing 4% (w/v)
araformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were
uickly removed and kept in the same cold fixative solution for 3 h.
fter that, brains were washed three times in cold 0.1 M phos-
hate buffer, pH 7.4, containing 5% (w/v) sucrose, and left in this
ashing solution for 18 h at 4 °C. Coronal 60 �m thick brain
ections were cut using a vibratome. Sections were stored at
20 °C in 0.1 M phosphate buffer, pH 7.4, containing 25% (w/v)

2 (D–F) and DG (G–I) of hippocampus from shocked (depressed and
hocked–depressed group in CA3; (C) shocked–non-depressed group
up in CA2; (F) shocked–non-depressed group in CA2. Last panel:
n-depressed group in DG. Scale bar�59 �m. mf, mossy fibers; pyr,
A–C), CA
A3; (B) s
ssed gro
ucrose.
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mmunohistochemistry

rain sections of both shocked and control groups were simulta-
eously processed in free-floating state as previously described
y Ramos et al. (2000). In order to inhibit endogenous peroxidase
ctivity, tissue sections were previously dehydrated, treated with
.5% (v/v) H2O2 in methanol for 30 min at room temperature and
ehydrated. Free-floating brain sections were blocked for 1 h at
oom temperature with 3% (v/v) normal ovine serum in phosphate
uffer saline (PBS). After two rinses in PBS, sections were incu-
ated for 48 h at 4 °C with one of the following primary antibodies
gainst NFL, NFM, NFH or MAP-2 diluted 1:2000 or 1:1000 (v/v)
or NF and MAP-2, respectively. After five rinses in PBS, sections
ere incubated 1 h at room temperature with biotinylated second-
ry antibodies diluted 1:100. After further washing in PBS, sec-
ions were incubated for 1 h at room temperature with strepta-
idin–peroxidase complex solution diluted 1:200. After washing
gain five times in PBS and twice in 0.1 M acetate buffer, pH 6,
evelopment of peroxidase activity was performed in the same
uffer acetate containing 0.035% (w/v) 3,3=-diaminobenzidine
lus 2.5% (w/v) nickel ammonium sulfate and 0.1% (v/v) H O . To

ig. 5. Photographs show the NFM-immunolabeled structures of CA3
nimals. First panel: (A) control group in CA3; (B) depressed group in C
anel: (E) control group in DG; (F) depressed group in DG. Scale bar
2 2

top the enzymatic reaction, tissue sections were washed three h
imes in 0.1 M acetate buffer, pH 6, and once in distilled water.
ections were mounted on gelatin-coated slides, dehydrated and
overslipped using Permount for light microscopic observation. All
ntibodies as well as streptavidin complex were dissolved in PBS
ontaining 1% (v/v) normal ovine serum and 0.3% (v/v) Triton
-100, pH 7.4. Specificity of immunohistochemical procedure was
ssessed by omitting primary antibodies. In all cases, no immu-
ohistochemical labeling was observed.

orphometric measurement

ll measurements were performed on coded slides by different
bservers to ensure objectivity. NFL, NFM, NFH and MAP-2 im-
unolabeled fibers were measured in CA3, CA2 and dentate
yrus (DG) areas of hippocampus (Fig. 1). Hippocampal areas
ere delimited according to plates 32–34 (from Bregma
3.14 mm to �3.60 mm) of the atlas of Paxinos and Watson

1986). Only tissue sections corresponding to these coordinates
ere included in the quantification, ensuring that the regions of

nterest (CA2, CA3 and DG) were equivalent among animals and
xperiments. To ensure the evaluation of similar fields inside the

A2 (C, D) and DG (E, F) of hippocampus from depressed and control
dle panel: (C) control group in CA2; (D) depressed group in CA2. Last
. mf, mossy fibers; pyr, pyramidal cell layer.
(A, B), C
ippocampal regions of the different tissue sections, dorso-ventral
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nd lateral references corresponding to the mentioned plates
2–34 of the atlas of Paxinos and Watson (1986) were employed.
o evaluate NFL, NFM, NFH and MAP-2 positive fibers, total area
f immunolabeled fibers per field was measured in an Axiophot
eiss light microscope equipped with a video camera on line with
Zeiss-Kontron VIDAS image analyzer. In each section, immu-

oreactive area of fibers was measured in three contiguous fields
without overlapping the measured fields) of CA2 and CA3 regions
hereas six fields were measured in the DG. Images of neuronal
ell bodies were excluded from measurement to ensure the eval-
ation of neuronal projections. The analog images were digitized

nto an array of 512�512 pixels corresponding to an area of
40�140 �m of tissue (40� primary magnification). The resolu-
ion of each pixel was 256 gray levels. Threshold setting was
erformed according to previous reports (Ramos et al., 2000;
agliaferro et al., 2002). For that purpose, a range of gray value
threshold value) was interactively selected to allow the segmen-
ation of the specific signal (i.e. neuronal fibers) from the back-
round and thereafter was kept constant along each experiment.
lates containing scanned microphotographs were prepared with
dobe Photoshop 6.0 software (Adobe Systems Inc.).

ata analysis

scape latency and number of escape failures are mean values
�S.D.) of 15–16 control and shocked animals. Statistical signif-
cance of the differences between shocked and control groups
ere determined by non-parametric Kruskal-Wallis test.

For each primary antibody, three to four separate immunohis-
ochemical experiments were run. Individual experiments con-
isted of three to five tissue sections of each of the four to five
nimals per group. In each section, immunoreactive area of fibers
as measured in three fields of CA2 and CA3 regions whereas six
elds were measured in the DG. After that, mean values of im-
unoreactive area were calculated in each animal group per
xperiment. Finally, for each marker, immunoreactive areas are
xpressed as the mean values (�S.D.) of the three to four exper-

ments performed. Differences among the mean immunoreactive
reas were statistically analyzed by Student’s t-test or one-way
nalysis of variance (ANOVA) followed by Bonferroni test.

The probability level indicative of statistical significance was
et at P�0.05.

RESULTS

earned helplessness

o evaluate the learned helplessness behavior, escape
atency and number of escape failures were recorded in
ontrol and shocked groups. Four days after training, it
as observed that escape latency as well as number of
scape failures were increased in some of the shocked
nimals compared with control (P�0.05; Fig. 2A, B). The

ncrease in the number of escape failures in the animals
hat received the inescapable electric shocks was indica-
ive of the behavioral deficiency caused by exposure to an
ncontrollable aversive situation, which is considered to be
he emergence of depression. The animals presenting this
ehavior represented 75% of those that received the
hock, thereafter termed depressed group. Twenty five
ercent of the animals failed to show the behavioral effect
f inescapable shocks. These animals (shocked but non-
epressed) were used as a negative control to rule out that
orphological alterations are produced by the inescapable
hock itself. p
Twenty-five days after training, escape latency as well
s number of escape failures were still increased in the
epressed group, indicating that the learned helplessness
ehavior persisted at least for that period (Fig. 2A, B).

FL

FL immunostaining was studied in hippocampal CA3,
A2 and DG areas from control and shocked (depressed
nd non-depressed) groups.

In CA3 area from control animals, NFL immunostaining
llowed to observe some neuronal somata in the pyramidal
ell layer as well as connecting fibers and projections of
yramidal neurons, including apical dendrites, in stratum

ucidum and radiatum (Fig. 3A). In the depressed group, an
mportant reduction of NFL fibers was observed, but some
euronal somata and proximal dendrites were still labeled
Fig. 3B). The CA2 and DG areas from control animals
howed the typical hippocampal pattern for this marker,
ith projections as well as some neuronal somata labeled
pecially in the pyramidal cell layer from CA2 (Fig. 3D, G).
hereas no significant changes in the pattern of NFL

mmunostaining were observed in CA2, an important re-
uction of immunolabeled neuronal processes and somata
as observed in DG from depressed animals (Fig. 3E, H).

n all studied areas, shocked-non-depressed animals
howed the same NFL immunostaining profile as controls
Fig. 3C, F, I).

NFL immunoreactive fibers were quantitatively evaluated
n the hippocampus of control and shocked groups. The
mage analysis of CA3 area, including the stratum lucidum
nd radiatum, showed a significant reduction in NFL-labeled
bers in depressed animals (45.0% of control, P�0.05). In
G, the area of NFL immunoreactive fibers from the de-

ig. 6. Area of NFM immunoreactive fibers in depressed and control
nimals. Twenty-five days after the training session, depressed and
ontrol animals were killed, brains immediately removed and pro-
eeded by immunohistochemistry. Data are expressed as area of
FM-immunolabeled fibers (�m2) and represent the mean values

�S.D.) of four individual experiments for each hippocampal region.
epressed animals failed to show any significant change in NFM

mmunoreactive area of the hippocampus; ns, non-significant between
ars, by Student’s t-test.
ressed group decreased 60% compared with control
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P�0.001). No differences were observed in the area of NFL
abeled fibers from CA2 region between depressed and con-
rol groups. These morphological changes were not observed
n any of studied areas from shocked-non-depressed ani-

als, whose NFL immunoreactive area of fibers was not
ignificantly different from control group (Fig. 4).

FM and NFH

he immunostaining for NFM and NFH was analyzed in
ippocampal CA3, CA2 and DG areas from control and
epressed groups.

In control animals, the pattern for NFM immunostaining
as somewhat different from that observed for NFL. In
A3, this marker showed the neurites of pyramidal neu-

ons as well as the connecting fibers arriving to the area,
ut neuronal somata were not labeled. However, the pe-
imeter of pyramidal neurons was easily observed due to

ig. 7. Photographs show the NFH-immunolabeled structures of CA3
nimals. First panel: (A) control group in CA3; (B) depressed group in C
anel: (E) control group in DG; (F) depressed group in DG. Scale bar
he labeling of their contacting fibers (Fig. 5A). In CA2, p
FM-labeled projections and connecting fibers as well as
he perimeter of pyramidal neurons was also observed
Fig. 5C). NFM immunostaining in DG from control animals
abeled mossy and connecting fibers (Fig. 4E). No
hanges were found in the NFM immunostaining pattern
rom any of the studied areas between control and de-
ressed groups (Fig. 5B, D, F). Quantitative analysis of
FM immunostained area of fibers confirmed these obser-
ations, showing no significant changes in the area of
bers between control and depressed groups (Fig. 6).

In CA3 from control animals, NFH immunostained pyra-
idal neurons as well as apical dendrites and fibers arriving

o the area (Fig. 7A). In CA2, pyramidal neurons were not
asily observed but a great number of fibers crossing the
rea in different directions were immunolabeled (Fig. 7C). In
G, NFH labeled densely all fibers present in the area (Fig.
E). No changes were observed in the NFH immunostaining

A2 (C, D) and DG (E, F) of hippocampus from depressed and control
dle panel: (C) control group in CA2; (D) depressed group in CA2. Last
. mf, mossy fibers; pyr, pyramidal cell layer.
(A, B), C
attern from any of the studied areas between control and
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epressed groups (Fig. 7B, D, F). Quantitative analysis of
FH immunostained area of fibers showed no significant
hanges in the area of fibers between both groups (Fig. 8).

AP-2

AP-2 immunostaining was studied in CA3, CA2 and DG
f hippocampus from control and depressed animals.

MAP-2 is a dendritic marker, so the profile is different
rom the other cytoskeletal components evaluated. In CA3
nd CA2 from the control group, neuronal somata and prox-

mal dendrites were clearly observed, but also the dense
endro-dendritic connections were labeled (Fig. 9A, C). In
G, somata of granule cells were immunolabeled (Fig. 8E).
o differences were found in the MAP-2 immunostaining
attern of any of the studied areas between control and
epressed groups (Fig. 9B, D, F). Quantitative analysis of
AP-2 immunostained area of fibers showed no significant

hanges in the area of fibers between control and depressed
roups (Fig. 10).

DISCUSSION

he hippocampal dysfunction observed in depressed pa-
ients and in animals subjected to experimental models of
epression has been related to plastic morphological
hanges observed in this brain structure. Among the de-
cribed alterations, dendritic atrophy of CA3 pyramidal neu-
ons has been the most consistently reported (Magariños and
cEwen, 1995a,b; Galea et al., 1997; Lambert et al., 1998;
cEwen, 1999; Bisagno et al., 2000).

In this work we examined the effects of animal expo-

ig. 8. Area of NFH immunoreactive fibers in depressed and control
nimals. Twenty-five days after the training session, depressed and
ontrol animals were killed, brains immediately removed and pro-
eeded by immunohistochemistry. Data are expressed as area of
FH-immunolabeled fibers (�m2) and represent the mean values

�S.D.) of three individual experiments for each hippocampal region.
epressed animals failed to show any significant change in NFH

mmunoreactive area of the hippocampus; ns, non-significant between
ars, by Student’s t-test.
ure to a learned helplessness paradigm (an animal model o
f depression) on four cytoskeletal markers: NFL, NFM,
FH and MAP-2. We observed that, in coincidence with

he development of impaired escape behavior, CA3 and
G of the hippocampus showed a significant NFL immu-
oreactivity decrease, whereas no changes were ob-
erved either in the other two intermediate filaments or in
AP-2. The depression model that we used rendered two
istinct groups: the depressed group (75% of shocked
nimals) and those in which the stressful experience did
ot induce the learned helplessness behavior, the shocked
on-depressed group (25% of shocked animals). The per-
entage of depressed animals obtained with this paradigm

s in accordance with previous studies (Drugan et al., 1989;
aldarone et al., 2000; Cryan and Mombereau, 2004).

Most of the reported studies characterizing the hip-
ocampal structural alterations of animals subjected to
n experimental model of depression have employed
olgi staining. However, this technique does not allow
etermining which cytoskeletal components may be in-
olved in the observed changes. The immunocytochem-

cal technique combined with morphometrical analysis
resents the advantage of allowing the determination of

he specific cytoskeletal proteins responsible for the
lterations.

NFs, a major component of the neuronal cytoskeleton,
re present in axons and dendrites and play a critical role

n axonal and dendritic growth and transport. In dendrites,
Fs have also been proposed to participate in plastic
tructural changes (Kong et al., 1998). Since alterations in
he phosphorylation of dendritic NFL during long-term po-
entiation (Hashimoto et al., 2000a) as well as during long
erm depression (Hashimoto et al., 2000b) and in the total
evel of this subunit (Zhang et al., 2002) have been re-
orted, NFL seems to be strongly involved in dendritic
lasticity.

In depressed animals, the NFL immunoreactivity de-
rease occurred without changes either in the area of
bers or in the pattern of NFM and NFH immunostaining.
nterestingly, in shocked non-depressed animals, no dec-
ement in NFL immunoreactivity was found. NFL is con-
idered to constitute the core of mature NF, as NFM and
FH need the expression of NFL to successfully assem-
le. Regarding dendritic structure, it has been observed
hat the absence or reduction of NFL, as well as the
isbalance between NFL on one hand and NFM or NFH
xpression on the other, may lead to altered dendritic
rborization (Kong et al., 1998; Zhang et al., 2002). Thus,

t may be speculated that the NFL decrease we observed
n the hippocampus of depressed animals is related to the
iminution of dendrite shaping described by means of
ther techniques (McEwen, 1999). Since NFL is also
resent in axons, these results may as well involve axonal
rowth diminution due to an adaptive response of hip-
ocampal neurons to the learned helplessness paradigm
xposure. In fact, previous results reported by Kuroda and
cEwen (1998) could be in accordance with this hypoth-
sis, as they found in chronically stressed animals a dec-
ement in GAP-43, a phosphoprotein associated with ax-

nal growth cones.
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The underlying cause of the observed reduction in
FL is not known. Since changes in the NFM and NFH
orphological structure were not observed, increased

oluble or altered assembly forms of these subunits are
ardly tenable. It has been previously proposed that a
ecrement in NFL along with no changes in the other

wo subunits could be due to the highest vulnerability of
FL to calcium-dependent proteases (Zimmerman and
chaepfer, 1982; Vaidya et al., 2000). Moreover, NFL
as been reported to be disassembled by phosphoryla-
ion through several kinases which seem to differ from
hose involved in NFM and NFH phosphorylation (Hashi-
oto et al., 1998; Veeranna et al., 1998; Al-Chalabi and
iller, 2003). Since the phosphorylation of NFL has
een described to occur during plastic events (Hashi-
oto et al., 2000a,b; Zhang et al., 2002), it may be

peculated that the selective lost of NFL observed in
epressed animals might be due to an increased phos-
horylation of this subunit through a specific intracellular

ig. 9. Photographs show the MAP-2 immunolabeled structures of CA
nimals. First panel: (A) control group in CA3; (B) depressed group in C
anel: (E) control group in DG; (F) depressed group in DG. Scale bar
ignaling cascade. (
Regarding microtubules, in our model, the hippocam-
al NFL decrease occurs without modifications in the im-
unostaining for the dendritic marker MAP-2. In agree-
ent with our results, when MAP-2 was analyzed in chron-

cally stressed rats, no significant changes were found
Kuroda and McEwen, 1998). On the other hand, NF al-
erations have been reported along with (Saatman et al.,
998; Tagliaferro et al., 2002) or without (Vaidya et al.,
000; Zhang et al., 2002) changes in MAP-2. Whether
orphological hippocampal alterations progress affecting

he other two NF subunits or MAP-2 or whether NFL
hanges are reversible as it has been described for hip-
ocampal atrophy in chronic stress employing Golgi tech-
ique (McEwen, 1999), remain to be explored. However,
autious analysis should be made when comparing
hronic stress with other experimental models of depres-
ion, since it has been recently described that chronic

mmobilization stress but not chronic unpredictable stress
ffects dendritic morphology of CA3 pyramidal neurons

A2 (C, D) and DG (E, F) of hippocampus from depressed and control
dle panel: (C) control group in CA2; (D) depressed group in CA2. Last
. mf, mossy fibers; pyr, pyramidal cell layer.
3 (A, B), C
Vyas et al., 2002).
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Although the NFL decrement is not paralleled by sim-
lar changes in the other two NF subunits, it can be sup-
osed that axonal and dendritic functions might be im-
aired in depressed animals due to the structural alter-
tions. Interestingly, in a set of experiments separately
erformed, we observed a long term reduction in the in
itro potassium-evoked glutamate release in hippocampal
lices of rats exposed to the learned helplessness para-
igm (Ferrero et al., 2003). As hippocampus is a sub-
egion of limbic system playing a crucial role in emotion
rocessing, and glutamate is the main neurotransmitter in
his region, it is possible to speculate that impaired release
f this amino acid could have dramatic behavioral conse-
uences in a model of depression. The application of

nescapable shocks is a stressful experience, for which
everal neurochemical effects have been described.
mong others, an increment in extracellular glutamate has
een reported (Bagley and Moghaddam, 1997; Venero
nd Borrell, 1999), which in turn is well known to trigger
xcitotoxic mechanisms in hippocampal neurons leading
o neuronal dysfunction. Mechanisms such as excitotoxic-
ty or increased oxidative stress could likely underlie the
FL reduction.

To sum up, in the present work we demonstrated NFL
lterations in the hippocampus of animals subjected to an
xperimental model of depression. Our results further sup-
ort the hypothesis that plastic changes occur in the hip-
ocampus of depressed animals and that those changes
ay be related to the hippocampal impaired function de-

cribed in this pathology. Since NFL is present in the core
f mature NF, it is proposed that hippocampal depression-
ssociated plastic alterations may be due to changes in the
ynamics of the NF assembly. A better understanding of

ig. 10. Area of MAP-2 immunoreactive fibers in depressed and
ontrol animals. Twenty-five days after the training session, depressed
nd control animals were killed, brains immediately removed and
roceeded by immunohistochemistry. Data are expressed as area of
AP-2-immunolabeled fibers (�m2) and represent the mean values

�S.D.) of three individual experiments for each hippocampal region.
epressed animals failed to show any significant change in MAP-2

mmunoreactive area of the hippocampus; ns, non-significant between
ars, by Student’s t-test.
he neurobiology of depression may shed light on the
echanisms underlying the action of antidepressant
rugs, the recurrence of the symptoms and the resistance
o treatment.
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