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Abstract
Histone modification, which affects the rate of transcription without altering DNA sequence, occurs
in response to various psychiatric drugs and in several models of psychiatric disease. As increases
in histone acetylation have been seen after treatment with antidepressants, we investigated whether
directly increasing histone acetylation using a histone deacetylase inhibitor would have
antidepressant effects. We administered sodium butyrate (NaB, 100 mg/kg, i.p.) to mice acutely (3
injections over 24 hours) or chronically (twice daily for 21 days) and subjected them to a number of
behavioral tests of antidepressant response. This dose of NaB had no effect on overall locomotor
activity after either acute or chronic treatment. Acutely treated mice showed an increase in immobility
in the forced-swim test (FST) and an increase in latency to consume in the novel environment of the
novelty-induced hypophagia (NIH) paradigm, an anxiogenic effect. The effect of NaB on anxiety
did not generalize to another test, the elevated zero maze, where it had no effect. Chronic treatment
with NaB had no effect on latency to consume in the NIH or immobility in the FST. However, this
dose did alter histone acetylation in the hippocampus. While H4 acetylation increased in the
hippocampus 30 min following acute NaB, chronic treatment caused a decrease in AcH4. There were
no changes in AcH3 following either treatment. While changes in chromatin structure may be
involved in the mechanism of action of antidepressant drugs, these data suggest that increasing
histone acetylation pharmacologically is not sufficient to produce antidepressant effects.

1. Introduction
Despite its status as the most common psychiatric disorder, depression is poorly understood,
both in terms of its pathophysiology and the mechanisms by which antidepressants ameliorate
symptoms. The observation of decreased hippocampal volume in depressed humans (Bremner
et al., 2000; Sheline et al., 1999), combined with studies showing molecular and cellular
changes in the hippocampi of rodents after chronic stress, and their reversal by antidepressants,
have focused depression research on this brain region. In particular, antidepressants have been
shown to block stress-induced decreases in hippocampal plasticity (Popoli et al., 2002),
including decreases in hippocampal neurogenesis (see Dranovsky and Hen, 2006, for a review).
Antidepressants have also been shown to upregulate neurotrophic factors such as BDNF, which
may contribute to increased plasticity (Castren et al., 2007; Duman and Monteggia, 2006). The
mechanism by which antidepressants cause these changes in gene expression and plasticity are
still under investigation.

Changes in chromatin structure due to post-translational modifications of histones have been
associated with a number of behavioral events, including drug addiction (Kumar et al., 2005;
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Levine et al., 2005; Pandey et al., 2008; Renthal et al., 2007; Schroeder et al., 2008), memory
formation (Alarcon et al., 2004; Lattal et al., 2007; Levenson et al., 2004), seizures (Huang et
al., 2002; Tsankova et al., 2004), and stress (Bilang-Bleuel et al., 2005; Chandramohan et al.,
2007; Renthal et al., 2007; Tsankova et al., 2006). While a number of post-translational
modifications to each of the four core histone proteins (H2A, H2B, H3 and H4) are possible,
histone acetylation, which is associated with increased rates of transcription, has received the
most attention. Because of the possible role of histone acetylation in a variety of behaviors and
disease states, some studies of the effects of histone deacetylase (HDAC) inhibitors in animals
have been reported. The HDAC inhibitors trichostatin-A (TSA) and sodium butyrate (NaB)
have been shown to increase contextual fear conditioning and extinction (Lattal et al., 2007;
Levenson et al., 2004), and both NaB and SAHA, another HDAC inhibitor, have been shown
to reduce symptoms in a mouse model of Huntington’s disease (Ferrante et al., 2003; Hockly
et al., 2003). NaB was shown to augment the increase in histone acetylation caused by exposure
to cocaine (Kumar et al., 2005), as well as to decrease the anxiety-like symptoms associated
with alcohol withdrawal (Pandey et al., 2008).

Recently, chromatin modification has also been implicated as an important regulator of the
expression of depression-related genes, including BDNF. Electroconvulsive shock, a model of
electroconvulsive therapy, the most potent treatment for depression, was shown to increase
histone H3 acetylation at the BDNF promoter, which correlated with upregulation of BDNF
mRNA (Tsankova et al., 2004). In another study, stress was shown to increase histone H3 di-
methylation, a modification associated with repressed transcription, at BDNF promoters
(Tsankova et al., 2006). In this same study, antidepressants opposed the effects of stress by
increasing H3 acetylation at BDNF promoters, and this effect was associated with a decrease
in expression of histone deacetylase 5 (HDAC5), an enzyme that acts to remove acetyl groups
from histones. This downregulation in HDAC5 was shown to be necessary for the behavioral
effects of chronic antidepressant treatment, but it remains to be shown whether these changes
in chromatin are sufficient to produce antidepressant behavioral effects.

To test whether increasing histone acetylation in the hippocampus is sufficient to cause
behavioral effects, we studied both acute and chronic treatment with NaB in behavioral models
of anxiety and antidepressant response. In the present study, NaB failed to induce
antidepressant-like behavioral responses in the forced-swim test (FST) or the novelty-induced
hypophagia (NIH) paradigm despite observed alterations in histone acetylation in the
hippocampus. Our results demonstrate that increasing histone acetylation in the hippocampus
alone is not sufficient to drive antidepressant behavioral changes, suggesting that additional
mechanisms must be involved.

2. Materials and Methods
2.1 Animals

All mice used for behavioral and biochemical experiments were F1 hybrid offspring obtained
from crosses of 129SvEv and C57Bl/6 mice, a strain which has been shown to respond to
antidepressant and anxiolytic compounds in a number of behavioral paradigms in our
laboratory (Conti et al., 2002; Gur et al., 2007). Mice (20–40 g, 2–6 months of age, mixed
sexes) were group-housed with food and water available ad libitum and maintained on a 12-
hour light/dark cycle (lights on at 07:00) in accordance with the University of Pennsylvania
Animal Care and Use Committee. All behavioral testing sessions were performed between the
hours of 08:00 and 15:00h, and animals were randomly assigned to treatment conditions and
tested in counterbalanced order.
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2.2 Drugs
All drugs were dissolved in 0.9% saline immediately before use and injected intraperitoneally
using a volume of 10 mL/kg. For acute studies, sodium butyrate (NaB) (Sigma, St. Louis, MO)
or 0.9% saline was injected on the morning and afternoon of the day preceding testing, as well
as on the morning of testing, for a total of three doses before exposure to the behavioral test.
For chronic studies, NaB or 0.9% saline was injected twice daily (09:00 and 17:00h) for 21
days before exposure to the behavioral test. As a positive control in the NIH, a third group
received desipramine (DMI) (Sigma) (12.5 mg/kg) for chronic studies or chlordiazepoxide
(CDP) (10 mg/kg) (Sigma) in the acute study. In the FST, DMI was also used as a positive
control with the three injections preceding the test at doses of 10 mg/kg, 10 mg/kg, and 20 mg/
kg as described previously (Conti et al., 2002).

2.2 Behavioral studies
For all behavioral studies, mice were given their last injection and brought into the testing room
one hour preceding the start of testing.

2.21 Forced swim test—Mice were placed in 15cm of water (22–24°C) in plastic cylinders
(23cm tall × 14cm diameter) for 6 min. Mice were video-recorded and time spent immobile
vs. swimming and climbing was scored by the Viewpoint Tracking System (Viewpoint,
Champagne au Mont d’Or, France).

2.22 Novelty-induced hypophagia—Mice were housed in groups of two for one week
before the start of the training period and for the duration of the experiment. During training
and home cage testing, mice had daily exposure to a highly palatable food (peanut butter chips)
(Nestle, Glendale, CA) in a clear plastic dish in their home cage. Plastic dividers were placed
inside the home cage to separate the mice, beginning one hour before training and testing
periods. Food was placed in the cage for 15 min and latency to consume the chips was measured.
By the 12th day of training, baseline latencies had been established with less than 20%
variability amongst mice. For acute experiments, mice received 12 days of training, followed
by testing in home cage (Home1), novel environment, and home cage (Home2) on the 3 days
following training. For chronic experiments, mice received 12 days of training, followed by
21 days of injections, and then testing in home, novel, home on days 22–24.

Testing in the novel environment consisted of placing mice in an empty standard cage, lacking
bedding, which was placed in a white box with bright illumination (2150 lux) and with an
added scent (Pine Sol) applied to the cage. Latency to consume in the novel environment was
recorded with a 15-minute maximum exposure. Novel testing in both acute and chronic
experiments occurred 1 hour after separators were placed in the home cage and 1 hour after
mice received their last injection, parallel to the timing of home cage testing.

2.23 Elevated zero maze—The zero maze (Stoelting, Wood Dale, IL) consisted of two
open areas (wall height, 0.5”) and two closed areas (wall height, 12”), and was elevated 24”
from the ground. Lighting in the maze was 15 lux. At the start of testing, mice were placed
into one of the closed areas and allowed to explore the maze for 300s. The Viewpoint Tracking
System (Viewpoint) was used to video-record and track the amount of time spent in the open
areas, the number of entries into the open areas, and the distance traveled in each area.

2.24 Locomotor activity—Locomotor activity was measured by beam-breaks in a
photobeam frame (Med Associates, St. Albans, VT, USA). During the test, mice were placed
individually into a clean home cage resting within the photobeam frame, and data were recorded
by Med Associates Software. Ambulations, crossings, and rearings were measured in 5-minute
bins for 30 (acute study) or 60 minutes (chronic study).
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2.3 Histone acetylation western blots
Mice were sacrificed by cervical dislocation 30 minutes following the last injection (both acute
and chronic studies). Brains were removed; whole hippocampus was hand-dissected and flash-
frozen in liquid nitrogen. Tissues were homogenized in 200 ml of ice-cold extraction buffer
containing 250 mM sucrose, 50 mM Tris, pH 7.5, 25 mM KCl, 0.5 mM PMSF, 0.9 mM NaB,
as well as protease inhibitors (“complete” protease inhibitor cocktail, Roche, Basel,
Switzerland) and phosphatase inhibitors (phosphatase inhibitor cocktail 1, Sigma). The nuclear
fraction (pellet) was separated by centrifugation at 7,700xg for 1 min (4°C), and re-suspended
in 1 mL 0.4 N H2SO4 and incubated for 30 min (4°C ). Samples were centrifuged at 14,000xg
for 30 min (4°C). 250 μL trichloroacetic acid (with 4 mg/mL deoxycholate) was added to the
supernatant, and incubated for 30 min (4°C) to precipitate protein. Samples were then spun at
14,000xg for 30 min (4°C) to pellet protein. Pellets were washed for 5 min with 1 mL acidified
acetone (0.1% HCl), then for 5 min with acetone. Between washes, protein was collected by
centrifuging 5 min at 14,000xg (4°C), and aspirating supernatant. After the last wash, the pellet
was re-suspended in 200 μL 10 mM Tris, pH 8.0, and incubated for 15 minutes at room
temperature. Protein concentrations were determined using a Bradford assay, with bovine
serum albumin as the standard. Equivalent amounts of protein (10 μg) for each sample were
resolved with SDS-PAGE using 4–15% gradient Tris-HCl gels. After electrophoresis, proteins
were transferred to nitrocellulose membranes for 2 hours at 50V. Membranes were incubated
in blocking buffer (LI-COR, Lincoln, Nebraska, USA) 1 hr at room temperature to block non-
specific binding. The blots were reacted with primary antibodies (anti-AcH3, 06–599,
Millipore, USA; anti-AcH4, 06–598, Millipore; anti-H3, mAbcam 10799, AbCAM,
Cambridge, MA, USA) at a concentration of 1:1000 in blocking buffer (LI-COR) overnight at
4°C. After washing (3×15 min in PBS-Tween20), the blots were incubated in secondary
antibody (goat anti-mouse IRDye 680 and goat anti-rabbit IRDye 800, LI-COR) in blocking
buffer for 1 hr at RT in dark boxes. Membranes were then washed (3×15 min in PBS-Tween20)
and dried overnight (also in the dark). Immunolabeling was detected and quantified at two
wavelengths simultaneously using the Odyssey infrared imaging system scanner and software
(LI-COR). This system allows for accurate quantification of multiple bands on the same
membrane at the same time, using different antibodies raised in different species (which appear
at different wavelengths), thus allowing quantification of AcH3 and H3 on the same blot. The
AcH3/H3 bands were detected at 17 KDa and the AcH4 band was detected at10 kDa. Ratios
of AcH3 or AcH4 to total H3 fluorescence were calculated for each sample and analyzed across
conditions.

2.4 Statistics
For the elevated zero maze, Student’s t-test was used to assess statistical significance. For the
AcH westerns and FST, ANOVA and Bonferroni post hoc tests were used to assess significant
differences between groups. For the NIH and locomotor activity, repeated measures ANOVA
was performed, with either time bin (locomotor activity) or day (home1, novel, home2 for the
NIH) as the repeated-measures factor. Bonferroni and Newman-Keuls multiple comparison
post hoc tests were used to determine significant differences between drug-treated and saline-
treated groups at specific time points.

3. Results
3.1 Acute treatment with NaB causes an increase in immobility in the FST, while chronic
treatment has no effect

To determine an appropriate dose to evaluate antidepressant effects of NaB, we tested two
doses of NaB, 100 mg/kg and 1.2 g/kg (the latter was previously shown to have effects on
memory, depression- and reward-related behaviors, see Lattal et al., 2007; Levenson et al.,
2004; Schroeder et al., 2006; Schroeder et al., 2008), for their effects on spontaneous locomotor
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activity (data presented in 5-minute bins). Acute treatment (3 injections) with 1.2 g/kg of
sodium butyrate caused a significant decrease in both ambulations and crossings (Ambulations:
main effect of treatment, F(2, 105) = 4.690, p = 0.02, RMANOVA; 1.2 g/kg NaB vs. saline, p
< 0.01 for first 5 min, Bonferroni post hoc test. Crossings: main effect of treatment, F(2, 105) =
4.144, p = 0.03, RMANOVA; 1.2 g/kg NaB vs. saline, p < 0.001 for first 5 min, Bonferroni
post hoc test) (Figure 1a). In contrast, the lower dose of NaB (100 mg/kg) did not cause any
significant changes in either measure of locomotor activity (100 mg/kg NaB vs. saline, p >
0.05 for all time points, Bonferroni post hoc test).

Changes in general activity levels can compromise interpretation of results in the FST;
therefore, we examined the effect of the lower dose of NaB in this paradigm. Acute treatment
(3 injections over 24 hr) with 100 mg/kg NaB caused a significant increase in immobility in
the FST (main effect of drug, F(2, 14) = 12.10, p = 0.0009, ANOVA; significant difference
between NaB and saline, p < 0.05, Newman-Keuls multiple comparisons post hoc test)(Figure
1c). In the same study, the tricyclic antidepressant desipramine (DMI) caused the expected
decrease in immobility (DMI vs. saline, p < 0.05, Newman-Keuls multiple comparisons post
hoc test), an antidepressant effect. After chronic treatment (100 mg/kg, twice daily for 21 days),
mice injected with NaB showed no difference in immobility from saline-injected mice one
hour after the last injection (Figure 1d)(Main effect of treatment, F(2, 24) = 4.201, p = 0.0273,
ANOVA; no significant difference between NaB and saline, p > 0.05, Bonferroni’s multiple
comparisons post hoc test). The effect of DMI, however, was maintained after chronic
treatment, as DMI-injected mice showed a decrease in immobility compared to saline-treated
mice (significant difference between DMI and saline, p < 0.05, Bonferroni’s multiple
comparisons post hoc test). Locomotor activity was also measured after chronic treatment with
both NaB and DMI (Figure 1b). Chronic treatment with NaB did not alter locomotor activity
one hour after the last injection (a time point parallel to when other behavioral tests were carried
out) (Ambulations: No main effect of treatment, F(2, 209) = 1.204, p = 0.3218; significant time
by treatment interaction, F(22,209) = 1.789, p = 0.0196, RMANOVA; NaB vs. saline, p > 0.05
for all time points, Bonferroni post hoc test. Crossings: No main effect of treatment, F(2, 209)
= 1.122, p = 0.3462, trend toward significant time by treatment interaction, F(2, 209) = 1.559,
p = 0.0586, RMANOVA; NaB vs. saline, p > 0.05 for all time points, Bonferroni post hoc test).
Chronic treatment with DMI also did not cause any significant change in locomotor activity
one hour after the last injection (Activity: DMI vs. saline, p > 0.05 for all time points, Bonferroni
post hoc test. Crossings: DMI vs. saline, p > 0.05 for all time points, Bonferroni post hoc test).

3.2 NaB causes divergent effects in the NIH paradigm depending on the length of treatment
The FST is responsive to acute treatment with antidepressants; therefore, we sought to test the
efficacy of NaB in the novelty-induced hypophagia (NIH) paradigm, which is both a test of
anxiety and a model of chronic antidepressant response. In this paradigm, latency to approach
a familiar food in a novel environment is reduced acutely by anxiolytic compounds, and by
chronic treatment with antidepressants (Dulawa et al., 2004; Gur et al., 2007; Merali et al.,
2003). We first sought to evaluate the acute effect of NaB in this paradigm, and did so using
a dosing regimen identical to that used in the FST; mice received 3 injections of NaB in the 24
hours before testing in the novel environment, with the last injection given one hour before
testing. We observed the expected increase in latency to consume in the novel environment as
compared to the home cage in all groups (main effect of day, F (2, 52) = 30.81, p < 0.0001,
RMANOVA). However, NaB caused a further increase in latency to consume, which was
specific to the novel environment (significant day x drug interaction, F (4, 52) = 4.934, p < 0.01;
NaB vs. saline on Novel Day, p < 0.001, Bonferroni post hoc test; NaB vs. saline on Home1
and Home2, p > 0.05, Bonferroni post hoc tests)(Figure 2). As a control, we also examined the
effects of chlordiazapoxide (CDP), a benzodiazepine that has been shown to decrease latency
to consume in the novel environment (Merali et al., 2003). As reported previously in this strain
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(Gur et al., 2007), CDP reduced latencies; however in this study, the difference did not quite
reach significance (CDP vs. saline, p > 0.05, Bonferroni post hoc test).

To further investigate this anxiogenic effect of acute treatment with NaB, we examined the
effects of NaB in another test of anxiety, the elevated zero maze (EZM). In this paradigm, acute
treatment with NaB did not have any significant effect on time spent in the open arms (NaB
vs. saline, p = 0.4182, unpaired t-test), entries into the open arms (NaB vs. saline, p = 0.570,
unpaired t-test), or distance traveled in the open arms (NaB vs. saline, p = 0.884, unpaired t-
test) (Figure 3). In addition, NaB had no effect on total distance traveled during exposure to
the EZM (NaB vs. saline, p = 0.8339, unpaired t-test), further confirming that this dose does
not affect overall activity levels.

Changes in gene expression brought about by NaB might require longer time periods to take
effect; therefore, we examined the effects of chronic treatment (2 injections/day for 21 days)
with NaB in the same array of behavioral paradigms. In the NIH paradigm, selective serotonin
reuptake inhibitors and tricyclic antidepressants have been shown to reduce latency to consume
in the novel environment after similar lengths of treatment, which have led to use of this
paradigm as a model of chronic antidepressant response (Dulawa et al., 2004; Gur et al.,
2007; Merali et al., 2003). In this study, mice were injected twice daily with a dose of 100 mg/
kg NaB, which was well tolerated. We observed no changes in weight during the treatment
period (data not shown), as has been previously reported (Schroeder et al., 2006). After chronic
treatment with NaB, we again observed an effect of the novel environment to increase latency
to consume (main effect of day, F (2, 40) = 96.30, p < 0.0001, RMANOVA) (Figure 4), a main
effect of treatment on latency to consume (F (2, 40) = 4.813, p = 0.0197, RMANOVA), and a
treatment x day interaction (F (4, 40) = 5.596, p = 0.0011, RMANOVA). However, we saw no
effect of chronic treatment with NaB (NaB vs. saline, p > 0.05, Bonferroni post hoc test). DMI,
a tricyclic antidepressant, significantly reduced latency to consume in the novel environment
(DMI vs. saline, p < 0.001, Bonferroni post hoc test), and the effect was specific to the novel
environment (DMI vs. saline on Home1 and Home2, p > 0.05, Bonferroni post hoc test).

3.3 NaB causes increases in histone acetylation in the hippocampus after acute, but not
chronic treatment

NaB is known to be an inhibitor of HDACs, but its effects in the brain have not been extensively
characterized. Thus, we sought to examine the effects of the doses of NaB used in behavioral
assays on histone acetylation in the hippocampus, a region known to be important in the activity
of antidepressants. Using western blots, we examine the levels of acetylated histones H3 and
H4 in the hippocampi of mice 30 min after the last of three injections of NaB (100 mg/kg or
1.2 g/kg). Acute treatment with both doses of NaB increased AcH4 levels in the hippocampus
(main effect of treatment F(2, 14) = 35.78, p < 0.0001, ANOVA; 100 mg/kg vs. saline, p < 0.05;
1.2 g/kg vs. saline, p < 0.001, Bonferroni post hoc tests) (Figure 5a). However, only the higher
dose significantly increased AcH3 in the hippocampus (main effect of treatment F (2, 15) =
12.93, p = 0.0005, ANOVA; 100 mg/kg vs. saline, p > 0.05; 1.2 g/kg vs. saline, p < 0.01,
Bonferroni post hoc tests) (Figure 5b). We also examined histone acetylation after the chronic
treatment (twice daily for 21 days) with 100 mg/kg NaB (30 minutes after the final injection).
Here, we observed a significant decrease in levels of AcH4 in the hippocampus (p = 0.0166,
unpaired t-test) (Figure 5c), and no change in the levels of AcH3 in the hippocampus (p > 0.05,
unpaired t-test) (Figure 5d).

4. Discussion
The importance of chromatin remodeling in psychiatric diseases has received much attention
recently. In this study we show that, despite causing changes in the level of histone acetylation
in the hippocampus, the histone deacetylase (HDAC) inhibitor sodium butyrate (NaB) failed
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to cause any change in mouse models of chronic antidepressant response. Acute treatment with
NaB did induce an increase in immobility in the FST as well as an anxiogenic effect in the
novelty-induced hypophagia (NIH) paradigm, with no effects on general locomotor activity.
Acute NaB had no effect on anxiety behavior in the elevated zero maze (EZM). While
chromatin remodeling has been reported following chronic antidepressant treatment (Tsankova
et al., 2006), these data suggest that changes in chromatin structure alone may not be sufficient
to induce antidepressant behavioral effects.

We showed an increase in immobility in the FST after acute treatment with NaB. Recently,
Schroeder et. al. (2006) showed a similar effect of acute treatment with NaB in the tail
suspension test (TST), an analogous behavioral paradigm, although in a different mouse strain
(C57BL/6, whereas we use an F1 hybrid of C57BL/6 and 129SvEv mice) and at a much higher
dose (1.2 g/kg) than used here (100 mg/kg). At this higher dose (1.2 g/kg), we saw significant
hypolocomotion, which could be responsible for the increased immobility seen in Schroeder
et. al. (2006), but not for that seen in the present study, as the lower dose of NaB (100 mg/kg)
had no such effects on locomotor activity.

We also report here that chronic treatment with 100 mg/kg NaB (twice daily for 21 days) failed
to cause any changes in behavior in either the FST or NIH paradigms. Schroeder et. al.
(2006) did see an antidepressant effect in the TST after chronic treatment. There are a number
of methodological differences between the present study and that done by Schroeder and
colleagues, including the dose of NaB (100 mg/kg twice daily here, 1.2 g/kg in the Schroeder
et. al. study), the behavioral paradigm (FST vs. TST), the mouse strain (C57BL/6 vs. F1 hybrids
of C57BL/6 and 129SvEv), and the length of treatment (21 vs. 28 days). Additionally, the
effect observed by Schroeder et. al. (2006) was seen only when the TST was administered on
the last day of a 4-day battery of testing and not when administered to behaviorally naïve mice.
As the authors suggest, the previous days’ tests may have been a source of stress, and the NaB
may have acted to reduce the effects of this stress, rather than having antidepressant effects on
its own. This activity of NaB to counteract the effects of stress fits well with results obtained
by Tsankova et. al. (2006) using the chronic social defeat (CSD) paradigm. In this study, the
tricyclic antidepressant imipramine (IMI) was seen to increase H3 acetylation at BDNF
promoters, but only in mice previously exposed to CSD (Tsankova et al., 2006). These stressed
mice showed increases in histone methylation, a modification associated with repression of
gene expression. The activity of IMI to increase AcH3 countered the decreases in BDNF
expression associated with stress-induced increases in di-methylated H3 (Tsankova et al.,
2006). In another study, chronic fluoxetine (21 d) was shown to increase AcH3 at the BDNF
promoter, but only in mice with increased tri-methylated H3 and decreased AcH3 at the BDNF
promoter due to perinatal exposure to methylmercury (Onishchenko et al., 2008). It is therefore
possible that the effects of NaB require prior stress experience (or some additional manipulation
that causes a repressive chromatin state), and because there was no prior stressful experience
in our FST study, NaB did not exert an antidepressant effect. In addition, the FST and TST
have been traditionally used to screen novel antidepressants, but these paradigms have mainly
validated compounds that act to increase synaptic monoamine levels. Thus, they may not be
appropriate to test the efficacy of any antidepressant acting by a novel pathway, e.g. direct
changes in gene expression (Cryan et al., 2002).

Due to the potential limitations of the FST, we next examined the effects of NaB in another
behavioral paradigm: the NIH. We report here that acute treatment with NaB caused an increase
in latency in the novel environment, an anxiogenic effect (Soubrie et al., 1975). This response
was not observed in the elevated zero maze (EZM), another test of anxiety behavior. While
these results seem to contradict each other, it is important to note that the NIH may measure
different aspects of anxiety than the EZM, and also contains appetitive or hedonic components
(e.g. consumption of peanut butter chips) not present in the EZM. Increases in histone
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acetylation (H3 and H4) have been correlated with the anxiolytic effects of alcohol, and
decreases in histone acetylation (H3 and H4) in the amygdala were associated with the
anxiogenic effects of alcohol withdrawal (Pandey et al., 2008). These decreases in AcH3 and
AcH4 and increases in anxiety during alcohol withdrawal were reversed by the HDAC inhibitor
TSA, suggesting that increases in histone acetylation are causally related to decreases in anxiety
(Pandey et al., 2008). Our study shows an inverted relationship between increased histone
acetylation and anxiety as compared to the Pandey et. al. (2008) study. This discrepancy may
be explained by the species used (rats were used in the Pandey et. al. study) and/or the presence
or absence of alcohol (our mice were alcohol naïve), which may change the valence of the
effect of increasing histone acetylation on anxiety.

We also examined the effects of chronic treatment with NaB in the NIH. The NIH has been
validated as a test of chronic antidepressant response by a number of laboratories, including
our own, as changes in latencies in the novel environment occur after chronic, but not acute,
treatment with current antidepressants (Dulawa et al., 2004; Gur et al., 2007; Merali et al.,
2003). Chronic treatment with NaB (21 days) did not cause any change in latencies in the NIH.
This is in contrast to the increased latencies seen after acute treatment, and also in contrast to
the antidepressant effect of chronic treatment with sodium butyrate in the TST seen by
Schroeder et. al (2006). In addition to the differences between our study design and the
Schroeder et. al. (2006) study discussed above, an additional aspect of the NIH paradigm that
could have been influenced by NaB is the motivation of the mice to consume a highly palatable
food: peanut butter chips. Based on the control of the home cage tests, the NaB dosing paradigm
used in both the acute and the chronic studies did not appear to have any effect on motivation
to consume the chips, as home cage latencies were unaffected by NaB. Furthermore, TSA was
not seen to affect self-administration of sucrose in a fixed-ratio schedule or breaking points in
a progressive-ratio schedule over a 7-day period, or consumption of sucrose in a two-bottle
choice preference test after 4 days of treatment (Romieu et al., 2008). Therefore, it is unlikely
that the effects of NaB on latency to consume in the NIH are based on changes in motivation
for highly palatable food.

The NaB treatment regimens used in these studies were accompanied by changes in the
acetylation state of H3 and H4 in the hippocampus. 30 minutes after acute treatment with NaB
we observed a significant increase in AcH4 in the hippocampus but no change in AcH3. At
the same time point following chronic treatment with NaB, we observed a decrease in AcH4
and no change in AcH3. This transition from an increase in AcH4 acutely to a decrease after
chronic treatment may explain the shift in behavioral response to NaB between acute and
chronic time points.

The literature contains conflicting evidence regarding the effects of NaB on histone acetylation
levels in the brain, and it is important to keep in mind not only dosing regimen and area of the
brain, but also whether acetylation is measured globally (e.g. western blots or
immunhistochemistry) or at specific promoters (e.g. chromatin immunoprecipitation) (ChIP).
In one study, ChIP analysis showed an effect of acute treatment with NaB (200 mg/kg) on
AcH4 in the striatum, with AcH3 affected only by chronic treatment with NaB (Kumar et al.,
2005). At higher doses, however, increases in both AcH3 and AcH4 in the hippocampus and
frontal cortex were measured by western blot 30 minutes after a single injection of NaB
(Schroeder et al., 2006). Here, we show an increase in AcH4 after acute treatment with NaB,
which shifts to a decrease after chronic treatment. This change in response may be due to a
desensitization after chronic treatment with this drug or some compensatory response of
neurons to prolonged increases in AcH4. Additionally, it is important to remember that changes
at specific promoters may be more complex than changes in global levels of acetylation, as
measured in the present study. Recently it has been suggested that regulation of gene expression
by histone acetylation is more complex than previously imagined, and deacetylation in some
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cases may lead to activation of genes (Nusinzon and Horvath, 2005). Indeed, previous work
has shown that NaB alters levels of histone acetylation at specific promoters in a time-, dose-,
and brain region-specific manner (Schroeder et al., 2008), and thus there may still be increased
histone acetylation at some promoters despite the global decrease in AcH4 we observed.

Though limited in number, studies have demonstrated changes in histone acetylation in the
brain after chronic treatment with antidepressants. Increases in AcH3 were seen in the
hippocampus after chronic treatment with two distinct antidepressants, fluoxetine (an SSRI)
and imipramine (a tricyclic), but only after manipulations (stress, methylmercury exposure)
that lowered AcH3 and caused increases in repressive post-translational modifications to
histones (Onishchenko et al., 2008; Tsankova et al., 2006). In another study, however, chronic
treatment with fluoxetine was actually seen to decrease levels of AcH3 in the dentate gyrus of
the hippocampus, as well as the frontal cortex and caudate/putamen (Cassel et al., 2006).
Because of these discrepancies, it will be of increasing utility to examine histone acetylation
at specific promoters, as the global acetylation state may not reflect chromatin structure at
genes of interest. In addition, it is important to examine brain regions related to the behaviors
in question, as there are clearly region-specific changes brought about by these drugs.

Based on recent evidence, changes in chromatin structure at specific promoters in the
hippocampus are likely to play a role in the effects of classic antidepressants. We demonstrate
here, however, that global changes in histone acetylation may not be sufficient to produce
behavioral effects. It is possible that additional events are required for the full effects of
antidepressants to be realized, such as parallel activation of transcription factors. Chromatin
remodeling may act as a facilitating event, allowing specific transcription factors to more easily
activate their target genes. Alternately, changes in histone acetylation may be more specific
and occur only in concert with transcription factor binding, as in the case of CREB and CREB-
binding protein, which has intrinsic histone-acetyl transferase activity. Thus, treatment with
HDAC inhibitors may be most effective in combination with classic antidepressants, either to
increase their efficacy or reduce the lag time before symptoms are ameliorated. Additionally,
although BDNF has been implicated as one promoter at which changes in AcH may be involved
in the action of antidepressants, it will be important to identify more genes at which these
changes are taking place. It is also important to investigate how these changes in chromatin
structure interact with the activity of transcription factors (such as CREB) known to be
downstream of the activity of antidepressants. Overall, while chromatin modification likely
plays some role in depression, the results of this study suggest that direct modulation of histone
acetylation levels alone is not sufficient to induce antidepressant behavioral effects.
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Figure 1.
Acute, but not chronic, treatment with NaB increases immobility in the FST at doses that do
not affect locomotor activity. Mice were given 3 injections of NaB over 24 hours (a) or treated
twice daily for 21 days with NaB or DMI (b), and their locomotor activity was measured 1
hour after the last injection. Ambulations (left) and crossings (right) were measured in 5-minute
bins for a total of 30 minutes in acutely treated mice (a). The higher dose of NaB (1.2 g/kg)
caused significant hypolocomotion in the first 5 minutes, while the lower dose (100 mg/kg)
had no effect (n=8). Chronic treatment with NaB (100 mg/kg) or DMI (12.5 mg/kg) had no
significant effect on either ambulations (left) or crossings (right) over 60 minutes (b) (n = 30).
A separate cohort of mice was given acute treatment with NaB or DMI, and immobility during
a 6 minute FST was measured (c). There was a significant effect of treatment on immobility,
with DMI significantly reducing immobility and NaB (100 mg/kg) significantly increasing
immobility (n=5–6). After chronic treatment with twice-daily NaB (100 mg/kg) or DMI (12.5
mg/kg), DMI significantly reduced immobility in the FST, whereas NaB had no effect (d).
Error bars indicate SEM. *p< 0.05 vs. saline; ** p< 0.01 vs. saline; ***p<0.001 vs. saline.
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Figure 2.
Acute treatment with NaB increased latency to consume peanut butter chips in the novel
environment of the NIH paradigm. Mean latencies to consume in home and novel environment
are shown. Mice were given 3 injections of NaB (AM and PM on Home Day 1 and AM on
Novel day, 1 hr before test) or 1 injection of CDP (1 hr before test) before exposure to novel
environment. There was an increase in latency to consume in the novel environment relative
to the home cage (p<0.0001) and an increase in latency in NaB-treated animals as compared
to saline-treated animals (*p<0.001) (n=9–10). Error bars indicate SEM.
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Figure 3.
Acute treatment with NaB had no effect on anxiety behavior in the elevated zero maze. Mice
were given 3 injections of NaB over 24 hours and tested in the EZM 1hr following the last
injection. NaB had no effect on time spent in the open quadrants (a), entries into the open
quadrants (b), distance traveled in the open quadrants (c), or total distance traveled in the maze
(d) (n = 6–7). Error bars indicate SEM.
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Figure 4.
Chronic treatment with NaB had no effect on latency to consume peanut butter chips in the
novel environment of the NIH paradigm. Mean latencies to consume in home and novel
environment are shown. Mice were treated with NaB or DMI for 22 days before exposure to
novel environment. There was an increase in latency to consume in the novel environment
relative to the home cage (p<0.001). There was a significant decrease in latencies in the novel
environment in DMI-treated mice as compared to saline-treated animals, but no change in NaB-
treated mice (*p<0.001) (n=9–10). Error bars indicate SEM.
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Figure 5.
Optical density of AcH staining normalized to total H3 staining is shown. Mice were given 3
injections of NaB over 24 hours and sacrificed 30 min after the last injection (a and b). Acute
treatment with NaB dose-dependently increased AcH4 in the hippocampus (a), while only the
higher dose of NaB (1.2 g/kg) significantly increased AcH3 in the hippocampus (b) (n = 5–7).
A separate cohort of mice was injected with NaB for 21 days and sacrificed 30 minutes after
the last injection (c and d). Chronic treatment with NaB decreased AcH4 in the hippocampus
(c), while the level of AcH3 in the hippocampus did not change after chronic treatment with
NaB (n=7–8). *p<0.05 vs. saline; **p<0.01 vs. saline; ***p<0.001 vs. saline. Error bars
indicate SEM.
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