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Introduction
At any given time, depression affects approximately 10% of the population and can present
itself at all ages1. The World Health Organization (WHO) ranked it the most disabling medical
condition 2 in part because of its relapsing and chronic nature3.

The etiology of depression is not known and the syndrome lacks universal biomarkers 4.
Apoptosis may be implicated in the pathophysiology of depression 5 although this issue is still
debated6. Apoptosis is characterized by structural changes that ultimately lead to the
disintegration of the cell. The process is activated by a group of cysteine proteases known as
caspases. BCL-2 and related members of this family of proteins regulate the release of
cytochrome c from mitochondria into the cytoplasm, which in turn mediates the mitochondrial
pathway of apoptosis. Interestingly 3 established antidepressant drug therapies, fluoxetine 7,
moclobemide 8 and desipramine 9 upregulate BCL-2 in purified mitochondria and in isolated
neural stem cells, respectively. It is not clear however if this upregulation of BCL-2 plays a
critical role in their antidepressant effects. Einat et al 10 tested BCL-2 heterozygous mice in
large open field, elevated plus-maze, emergence test, black/white box and the FST. They
demonstrated a clear increase in anxiety-like behaviors in mice with reduced mitochondrial
BCL-2 levels. They did not observe any effects on depressive-like behaviors (FST) nor general
locomotion levels.

Ceramide is a membrane sphingolipid and a key regulator of apoptosis, in part through its
action on lysosomes and mitochondrial pathways affecting the BCL-2 family. Ceramide
occupies a central place in sphingolipid biosynthesis and metabolism. Inhibition of ceramidase
(CDase) will increase levels of endogenous ceramide which in turn will modulate BCL-2 levels.

Correspondence: Ziad Nahas, MD, MSCR; Mood Disorders Program, Institute of Psychiatry, 67 President Street, Room 502N;
Charleston; South Carolina, 29425 USA. Phone +1 843 792 5710; Fax +1 843 792 5702; Email: nahasz@musc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Behav Brain Res. Author manuscript; available in PMC 2010 January 30.

Published in final edited form as:
Behav Brain Res. 2009 January 30; 197(1): 41–44. doi:10.1016/j.bbr.2008.07.040.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The recent availability of CDase inhibitors presented a unique opportunity to determine in vivo
the role of the apoptotic pathway in learned helplessness.

In the present study, we investigated the relation between hippocampal BCL-2 expression and
behavioral measures of learned helplessness. We were interested whether an in-vivo
modulation of hippocampal BCL-2 would lead to similar reports by Einat et al 10 with respect
to immobility in the forced swim test. We hypothesized that LCL385, a pro-apoptotic
compound and an inhibitor of acid ceramidase (anti-CDase), 11 will lead to a drop in BCL-2
levels. We chose DMI as an active antidepressant control knowing that it also exerts
overlapping effects on sphingomyelin and ceramide metabolism as the anti-ceramidases 12.

Methods
Animals

Forty males Sprague Dawley (Charles River Laboratories, Wilmington, MA) took part in this
experiment. All animals were handled for 2–5 days to allow for appropriate acclimatization
and randomized into one of 5 groups (www.randomization.com). At the beginning of the
experiment, rats weighed between 250 and 300 g and were housed in separate cages in an
animal room with constant temperature (21 ± 1 °C) and 12 hours light/dark cycle (lights on/
off at 6 am/6 pm), with free access to food and water. All experiments were performed in the
early to mid phase of the light cycle under standard room fluorescent lights. The American
Association for the Accreditation of Laboratory Animal Care approved the animal facility. All
housing and behavioral procedures conform to the Principles of Laboratory Animal Care issued
by the National Institutes of Health, with local laws and regulations, and were approved by the
Institutional Animal Care and Use Committee in MUSC.

Behavioral Experiments
After acclimatization, all animals performed individually a 15 min FST in tanks of 25 cm in
diameter and 45 cm in height filled with tap water at about 25°C (± 1)13. At the end of each
session, animals were taken out of water, dried with a towel and placed back in their respective
cage. The water was replaced after each session. The 15 min FST session (commonly referred
to as ‘baseline stressor’) was followed by 3 daily doses of either LCL385, desipramine (DMI)
or saline (SAL). Seventy-two hours from baseline, animals performed a 6 min FST to assess
behavioral despair. All sessions were performed between 10 a.m. and 12 p.m. and were
videotaped from the side and later scored by an expert rater masked to conditions and
hypotheses. Behavioral measures were sampled at 5 second intervals for the duration of the
test: (1) immobility - floating in the water without struggling, and making only those
movements necessary to keep the head above water; (2) swimming - making active swimming
motions more than necessary to keep the head above water; moving around in the cylinder; (3)
climbing - making active movements with the forepaws in and out of the water, usually directed
against the walls.

Drug
DMI was purchased from Sigma-Aldrich (St. Louis, MO). LCL385 ((1R, 2R)-2-N-
(tetradecylamino)-1-phenyl-1, 3-propandiol hydrochloride 14) was synthesized by Lipidomics
Core at MUSC. Unpublished preliminary work in our laboratory suggested that LCL385 lethal
dose was 50mg/kg. In the absence of any published behavioral reports pertaining to this
compound, we chose a parametric dosing design. The administration schedule followed drug
regimens previously reported to be effective antidepressants dosing for DMI 15,16. Animals
received LCL385 (10mg/kg, 20mg/kg or 30mg/kg), DMI (20mg/kg) or SAL over 72 hours.
Doses were freshly prepared and dispensed in equivalent volumes (5ml/kg) in 3 intra-peritoneal
injections. All compounds were dissolved in water containing 6.7% dimethyl sulfoxide
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(DMSO). The last dose was given 30 min prior to behavioral test and approximately 1 hour
before euthanesia.

BCL-2 western blotting
Within 30 minutes of completing the 6 min FST, rats were euthanized after deep anesthesia
with isoflurane. This method is consistent with the recommendations of the Panel on Euthanasia
of the American Veterinary Medical Association. Brain hippocampus tissues were
homogenized in phosphate buffer saline (PBS) supplemented with 1% NP-40, 0.5% sodium
deoxycholate, protease inhibitor cocktail (1 tablet/10ml, Roche Diagnostics, Indianapolis, IN),
and 1% SDS by sonicating for 30 seconds in an ice bath. The supernatant was collected
following centrifugation at 13,000 rpm for 15 min at 4 °C. The protein concentrations in the
supernatant were determined by a BCA protein assay kit from Pierce. The protein samples
were separated by 12.5 % SDS-polyacrylamide gel electrophoresis, and transferred to a blotting
membrane. The membrane was incubated with antibodies against BCL-2 (1:200, Lab Vision,
Fremont, CA), and β-actin (1:2500, Sigma) overnight at 4 °C, and then incubated with
horseradish peroxidase conjugated secondary antibody for 1 h at room temperature. Finally,
the blots were developed using western blot reagents (SuperSignal West Pico, Pierce). Semi-
quantitative analysis of BCL-2 expression levels was performed using the computer program
ImageJ when β-actin was adopted as the internal standard.

Data analysis
Descriptive statistics were generated from all primary data and were tested for homogeneity
of variance. An analysis of variance (ANOVA) was performed on each primary outcome
measure with post-hoc statistics (Tukey HSD). (JMP statistical software package).
Significance level was set at p<0.05.

Results
Out of 40 animals, behavioral data from 2 were eliminated because their FST were not collected
on tape. Behavioral measures and BCL-2/β-actin means and standard deviations are listed in
table 1. There were no significant differences across all 3 doses of LCL385 on any of the
behavioral measures or on BCL-2/ β-actin ratio in hippocampus (df=23; F>0.59; p>0.11).

Behavioral Effects on FST
There were significant differences across all 5 conditions (SAL; DMI and LCL385 10mg/kg,
LCL385 20mg/kg and LCL385 30mg/kg ) on immobility (df=37, F=3.94; p=0.01) (figure 1,
A, table 2). As expected, DMI significantly reduced immobility compared to placebo
(p=0.024). DMI was significantly different from LCL385 10mg/kg (p=0.045) and LCL385
20mg/kg (p=0.011). DMI showed no difference compared to LCL385 30mg/kg (p=0.25).
There were also significant differences across all 5 conditions on climbing (df=37, F=4.8;
p=0.004) (figure 1, B). DMI significantly increases climbing compared to placebo (p=0.011)
and LCL385 10mg/kg (p=0.005) and LCL385 30mg/kg (p=0.011). DMI showed a trend for
significance compared to LCL385 20mg/kg (p=0.063).

There were no differences between LCL385 and placebo on either immobility (p>0.74) or
climbing (p.0.93).

There were no significant differences in swimming across all 5 conditions (df=37, F=1.43,
p=0.24).
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BCL-2/ Β-actin in hippocampus
There was an overall significant effect of group on BCL-2/ β-actin in hippocampus (df=39;
F=4.81; p=0.003). All 3 doses of LCL385 significantly decreased BCL-2/ β-actin in
hippocampus when given in 3 injections over 72h compared to placebo (10mg/kg p=0.048;
20mg/kg p=0.008 and 30mg/kg p=0.05). Only 20mg/kg showed a trend for difference from
DMI (p=0.056). Conversely, DMI given in 3 injections over 72h did not show significant
differences in BCL-2 β-actin compared to placebo (p=0.44).

Discussion
To our knowledge, this is the first investigation of an inhibitor of acid CDase and the behavioral
response to stress in rats. Despite reported similarities between LCL385 and the tricyclic
antidepressant desipramine on ceramide metabolism, the inhibitor of acid CDase significantly
reduces BCL-2 expression in the hippocampus but does not exert any depressant effect as
tested. Conversely, a 3-day administration regimen of DMI does not increase the anti-apoptotic
marker.

Ceramide is a membrane sphingolipid and is a key regulator of apoptosis. It binds to cathepsin
D in lysosome and translocates to mitochondria upon agonist stimulation resulting in
cytochrome c release and activation of downstream caspases. The regulation of ceramide levels
is controlled by the activities of enzymes that either synthesize or catabolize it. CDase controls
the biosynthesis of sphingosine from ceramide whereas sphingomyelinase controls the
biosynthesis of ceramide from sphingomyelin. These products have opposite biological
actions. Three types of CDases have been described to date and classified. These enzymes can
be regulated by platelet derived growth factor, tumor necrosis factor (TNF) or nitric oxide (NO)
17. DMI also inhibits CDase 12. In addition, DMI induces intracellular proteolytic degradation
of acid sphingomyelinase but not other lysosomal enzymes, and accordingly it has been widely
used in the literature as a specific acid sphingomyelinase inhibitor 18. It can block cell killing
induced by cytotoxic agents 19. It is for these reasons we chose DMI as the active antidepressant
control in our study.

Mitochondrial function and BCL-2 expression may be associated with mood and anxiety
disorders20. Mitochondria are known to regulate cellular energy production, and intracellular
Ca++ levels which in turns plays a critical role in apoptosis. BCL-2 family is known to have
either pro or anti-apoptotic properties but BCL-2 in particular plays a critical role in the survival
of the cell. Such a role has been also suggested by studies demonstrating the direct effect of
certain antidepressant drugs on BCL-2 expression21. As noted earlier though, Einat et al did
not observe depressive-like behaviors in their BCL-2 heterozygous mice when tested with the
FST. Interestingly, null mutants exhibited major physiological abnormalities. Our study
replicates these findings by reverting to the administration of LCL385 compound to reduce
BCL-2 expression and not employing a heterozygous rodent model. DMI’s complex action on
sphingolipid metabolism may explain the differences seen with LCL385 in behavioral and anti-
apoptosis measures. In our study, DMI shows a trend towards a total decrease in BCL-2/Β-
actin ratios but not equal to LCL385. These results are unlike what has been previously reported
with DMI in situ9.

Notwithstanding a careful choice in the active control compound, and the parametric dosing
of LCL385, our study has limitations. Animals were tested with only one behavioral test. The
FST has been predominantly used as an antidepressant screen but has its disadvantages which
constrain our results4. We chose it for its high degree of pharmacological validity as evidenced
by its sensitivity to major classes of antidepressant drugs15 22. The FST has also been
extensively used to document ‘prodepressant-like’ behavior in stressed rats under various
conditions23 24 25 26. In addition, in this study we chose to focus on one anatomical region
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and one apoptosis marker. This restricted region of interest approach may be preferable for
prospective hypothesis testing but could mask broader effects of DMI or anti-CDase on other
critical regions in modulating stress-related behaviors. Future studies should include in addition
to the hippocampus, the frontal and cingulate lobes, the amygdala and possibly mid-brain
monoanimes nuclei.

In summary, we have shown that reducing an anti-apoptotic protein (BCL-2) levels in the
hippocampus is not associated with significant depressive-like behaviors in rats. DMI and
LCL385 anti-CDase showed divergent effects and argue for a complex interaction between
behavioral anti-depressant effects and neuroprotection.
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Figure 1.
Means and standard errors of hippocampal BCL-2/ Β-actin ratio (A), immobilization scores
(B) and climbing scores (over 6 min FST) (C) by group (SAL, DMI and LCL385).
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