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Altered Neuronal Markers Following Treatment with Mood Stabilizer and
Antipsychotic Drugs Indicate an Increased Likelihood of Neurotransmitter
Release

Elizabeth Scarr, Brian Dean

Department of Psychiatry, Rebecca L. Cooper Research Laboratories, The Mental Health Research Institute, Melbourne Brain Centre,
The University of Melbourne, Parkville, Australia

Objective: Given the ability of mood stabilizers and antipsychotics to promote cell proliferation, we wanted to determine the
effects of these drugs on neuronal markers previously reported to be altered in subjects with psychiatric disorders,
Methods: Male Sprauge—Dawley rats were treated with vehicle (ethanol), lithium (25,5 mg per day), haloperidol (0.1 mg/kg),
olanzapine (1.0 mg/kg) or a combination of lithium and either of the antipsychotic drugs for 28 days, Levels of cortical synaptic
(synaptosomal associated protein—25, synaptophysin, vesicle associated protein and syntaxin) and structural (neural cell adhe—
sion molecule and alpha—synuclein) proteins were determined in each treatment group using Western blots,

Results: Compared to the vehicle treated group; animals treated with haloperidol had greater levels of synaptosomal associated
protein—25 (p<0.01) and neural cell adhesion molecule (p<0.05), those treated with olanzapine had greater levels of synapto—
physin (p<0.01) and syntaxin (p<0.01). Treatment with lithium alone did not affect the levels of any of the proteins, Combining
lithium and haloperidol resulted in greater levels of synaptophysin (p<0.01), synaptosomal associated protein—25 (p<0.01) and
neural cell adhesion molecule (0<0.01). The combination of lithium and olanzapine produced greater levels of synaptophysin
(p<0.01) and alpha—synuclein (0<0.05).

Conclusion: Lithium alone had no effect on the neuronal markers, However, haloperidol and olanzapine affected different pre—
synaptic markers, Combining lithium with olanzapine additionally increased alpha—synuclein, These drug effects need to be taken
into account by future studies examining presynaptic and neuronal markers in tissue from subjects with psychiatric disorders,
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INTRODUCTION

(schizophrenia,g'm) bipolar disorder'>'"*”). Indeed it has
been suggested that abnormal presynaptic function could

Bipolar disorder and schizophrenia are chronic, severe
psychiatric disorders with poorly understood pathophysi-
ologies and potentially life threatening sequelae.]”z) Asig-
nificant body of evidence points to abnormalities in many
neurotransmitter systems contributing to the genesis of
the symptomatology of psychiatric disorders (see for re-
views on bipolar disorder;”® see for reviews on schizo-
phrenia>®). Moreover, findings from post-mortem studies
have suggested that changes in proteins associated with
neurotransmitter release and synaptic structural integrity
may underlie these changes in neurotransmitter systems
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be core to the pathophysiologies of psychiatric disor-
ders.”"

It is now recognised that treatments for disorders such
as bipolar disorder and schizophrenia have many diverse
effects. Significantly, mood stabilizer’” and antipsychot-
ics™ can promote neuronal,”” neuroglialw and endothe-
lial cell®” proliferation in vivo. One outcome from sig-
nificant changes in neuronal proliferation would be an in-
crease in the proteins associated with neurotransmitter re-
lease, raising the issue of whether the changes seen in tis-
sue from subjects with psychiatric disorders is due to the
pharmacotherapy they received. Therefore, we have de-
termined whether treating rats with the mood stabilizer
lithium, the typical antipsychotic haloperidol (conventio-
nal antipsychotics are used to treat acute mania”), the
atypical antipsychotic olanzapine (used to treat patients
who only partially respond to mood stabilizers™”) or con-
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comitant use of mood stabilizers with antipsychotics (as
used in treating schizophreniaZ7’28)) affects levels of pro-
teins regarded as markers for presynaptic neurons or neu-
ronal structural integrity. These studies were completed in
the cortex because this region of the human central nerv-
ous system is known to be affected by the pathologies of
bipolar disorder and schizophrenia.**”

METHODS

Materials

Haloperidol, goat serum, sodium orthovanadate, an-
ti-neural cell adhesion molecule (NCAM) antibody (C9672)
and all general laboratory grade chemicals were obtained
from Sigma-Aldrich Pty. (North Ryde, Australia). All
electrophoresis grade chemicals and materials were ob-
tained from Bio-Rad Laboratories Pty., Ltd. (Gladesville,
Australia) and GE Healthcare Pty.,, Ltd. (Rydalmere,
Australia), whilst the Pierce Supersignal enhanced chem-
iluminescence (ECL) was obtained from Thermo Fisher
Scientific Pty., Ltd. (Scoresby, Australia). Antibodies to
synaptosomal-associated protein-25 (SNAP-25) (MAB331),
synaptophysin (MAB368, vesicle associated protein
[VAMP; MAB333]) and syntaxin (MAB336) were ob-
tained from Chemicon (Merck Millipore, Kilsyth, Austra-
lia). The mouse anti- alpha-synuclein (610786) was ob-
tained from BD Biosciences (North Ryde, Australia) and
goat anti-mouse [gG:HRP (P0447) from DAKO Pty., Ltd.
(Bella Vista, Australia). The rodent chow was milled by
Specialty Feeds (Glen Forest, Australia). Olanzapine was
a generous gift from Eli Lilly (Indianapolis, IN, USA).

Drug Treatment

After obtaining consent from the University of Mel-
bourne Animal Experimental Ethics Committee, all drug
administration procedures and experimental protocols
were performed at the Mental Health Research Institute in
accordance to the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes (1990)

set out by the National Health and Medical Research
Council of Australia and the Victorian Prevention of cru-
elty to animals act and regulations. Every effort was made
to minimise the number of animals.

Tissue for this study came from male Sprauge-Dawley
rats (average starting weight 213 g) obtained from the
breeding colony at Melbourne University. The rats were
randomly assigned to a treatment group in blocks of ten,
with ad libitum access to food and water and maintained at
19+4°C on a 12 hour light/dark cycle. The groups were as-
signed one of six treatment regimens for a period of 28
days, during which time they received lithium, haloper-
idol, olanzapine, a combination of lithium and haloperidol
or a combination of lithium and olanzapine (Table 1). To
counteract the potential lithium toxicity all animals were
given ad libitum access to 0.9% saline, in addition to
drinking water and rodent chow. Once assigned to their
treatment groups, the animals were allowed to acclimatise
for three days with ad libitum access to pre-weighed food,
drinking water and 0.9% saline solution to establish a
baseline from which to calculate initial doses. The anti-
psychotic drug doses were chosen because of their ability
to occupy D2 receptors at clinically comparable levels.*”
At the end of the treatment period, the brains were re-
moved and dissected, the dissected brains were snap fro-
zen on dry ice and stored at — 80°C until required. A termi-
nal bleed was acquired and blood serum levels of haloper-
idol, olanzapine and lithium determined by the Victorian
Institute of Forensic Medicine.

Importantly, levels of lithium in the terminal bleeds
(0.6-0.8 mMol/L) were measured using atomic absorption
spectroscopy and were found to be within the ideal ther-
apeutic range in humans (0.5-1.0 mMol/L). Levels of hal-
operidol and olanzapine were measured using selected ion
mass spectrometry with capillary chromatography and
quantitative high pressure liquid chromatography
respectively. In both instances the levels were found to be
below the limits of detection (0.005 mg/L for haloperidol
and 0.05 mg/L for olanzapine), which are also the clinical

Table 1. Summary of the freatment regimens used to study the effects of lithium, antipsychotics and a combination of the mood stabilizers

and antipsychotic on neuronal markers

Haloperidol

Olanzapine

Variables Control Lithium Haloperidol +lithium  Olanzapine + lithium
©1mg/kg) (10 mg/kg) ° °
Rodent chow AIN93G AIN93G AIN93G AIN93G+1.7 g AIN93G+1.7 g AIN93G+1.7 g
LixCOs/kilo chow LioCQOgs/kilo chow LioCOs/kilo chow
Water +ethanol +haloperidol +olanzapine +ethanol +haloperidol +olanzapine
0.9% saline +ethanol +haloperidol +olanzapine +ethanol +haloperidol +olanzapine

AIN93G, standard rodent diet formulation.
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therapeutic levels.

There were no significant differences in mean body
weight between the different groups created ad hoc and
subsequently treated with the differing drug regimes
(F=1.932, degree of freedom [df]=5, 54, p=0.1040). By
contrast, at the end of the treatment periods there was sig-
nificant variation in the mean body weight between the
different groups (F=28.95, df=5, 54, p<0.0001) due to all
the groups that had received lithium gaining less weight
than the vehicle group (weight gained, mean+tstandard er-
ror of the mean (SEM); vehicle=20549.8 g, lithium=
1354+6.4 g, lithium plus haloperidol=143+4.3 g, lithium
plus olanzapine=121+5.5 g; p <0.05). The lower weight
gain could be partly accounted for by the variation in daily
food intake across the groups (Kruskal-Wallis sta-
tistic=23.79, p=0.0002). Post- hoc tests showed that
groups treated with lithium or lithium and olanzapine con-
sumed less food per day than the wvehicle group
(mean+SEM; vehicle=28+0.5 g/day, lithium=18.9+1.5
g/day, lithium plus olanzapine=21.5+1.1 g/day; p <0.05).

Tissue Processing

Homogenates were prepared from the cortices (bet-
ween bregma +5.20 and +3.20 having first stripped off
the olfactory tubercules) of all rats in the treatment groups,
at 5% w/v in 10 mM Tris (pH 7.4), containing 1 mM fresh
sodium orthovanadate (Sigma-Aldrich). Protein concen-
trations were determined using the Bio-Rad DC modified
Lowry protein assay adapted for the microplate and the
homogenates diluted in reducing buffer to give final pro-
tein levels of 1.0 mg/ml. Samples were run in duplicate
and the proteins (20 « g total protein per lane) were sepa-
rated using polyacrylamide gel electrophoresis (4% stack-
ing gel, empirically determined running gel) at a constant
voltage of 150 V. They were then transferred to nitro-
cellulose membranes overnight in Towbin transfer buf-
fer’" at a constant current of 40 mA.

Western Blots

The conditions under which nitrocellulose membranes
were probed for SNAP-25, synaptophysin, syntaxin,
VAMP, NCAM and alpha-synuclein were empirically de-
termined to ensure the measurements were conducted
within the linear range of detection for each antibody and
are summarized in Table 2. In all cases, after confirming
protein loading with ponceau S staining, the nitrocellulose
membranes were blocked for an hour at room temper-
ature, in a suitable buffer, before being incubated with the
appropriate primary antibody for one or two hours at room
temperature. This was followed by incubation with a sec-
ondary antibody against the appropriate host conjugated
to horseradish peroxidase for an hour at room
temperature. Visualization of the antigenic reaction was
achieved by the ECL technique using Pierce Supersignal®
West Pico chemiluminescent substrate. The membranes
were imaged using a Kodak Image Station 440CF (Kodak,
PerkinElmer, Glen Waverley, VIC, Australia) and the sum
intensity of the antigenic bands determined using Kodak 1D
software (Kodak).

To control for inter-blot variation, an internal control
membrane preparation was run in 12 wells on two gels to
establish both intra- and inter-blot variation for the meas-
urement of each protein. This internal control was sub-
sequently run (in duplicate) on every gel. Gels were ex-
posed such that the optical density of the internal control
fell within the range established by the mean+2 SDs of the
initial measurements. These internal control values were
used to standardize the data by expressing it as ratio of in-
ternal control.

As reported previously for these antibodies,'” SNAP-
25, synaptophysin, VAMP and alpha-synuclein produced
a single band at the appropriate molecular weight in cort-
ical homogenates. For syntaxin and NCAM, more than
one band was visualised in the cortical homogenates; with
the NCAM antibody, two bands, one at 140 and one at 180

Table 2. Conditions under which nitrocellulose membranes were probed for SNAP-25, synaptophysin, syntaxin, VAMP, alpha-synuclein and

NCAM. Antibody solutions were made up in the blocking buffer

Variables SNAP-25 Synaptophysin Syntaxin VAMP a-synuclein NCAM
Resolving gel (%) 15 15 15 12 15
Blocking buffer 5% NFMP; 1 hr; RT 8% NFMP; 1 hr; RT TIBS; 1 hr; RT TIBS; 1 hr; RT TIBS; 1 hr; RT 5% NFMP; 1 hr; RT

Primary antibody 1/1,000; 1 hr; RT 1/20,000; 1 hr; RT  1/4,000; 1 hr; RT  1/2,000; 1 hr; RT  1/2,000; 1 hr; RT  1/10,000; 2 hr; RT
Washes 4x5 min; TTBS 4x5 min; TIBS 4x5 min; TTBS 4x5 min; TTBS 4x5 min; TTBS 4x5 min; TIBS
Secondary antibody 1/2,000; 1 hr; RT 1/4,000; 1 hr; RT 1/2,000; 1 hr; RT 1/2,000; 1 hr; RT 1/2,000; 1 hr; RT 1/2,000; 1 hr; RT
Washes 4x5 min; TTBS 4x5 min; TIBS 4x5 min; TTBS 4x5 min; TTBS 4x5 min; TTBS 4x5 min; TIBS

SNAP-25, synaptosomal associated protein-25; VAMP, vesicle associated protein; NCAM, neural cell adhesion molecule; hr, hour(s); min,
minute(s); TTBS, 0.1% Tween-20 in Tris buffered saline; NFMP, non-fat milk powder, made up in TIBS; RT, room temperature.

Resolving gel refers to the percentage of acrylamide.
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kDa were observed. Neither the polysialylated nor any of
the smaller, soluble forms of NCAM were observed in
these samples. The syntaxin antibody revealed two im-
munogenic bands, one at 33 and one at 35 kDa.

Statistics
The D’ Agostino & Pearson omnibus normality test was
used to determine whether the data were normally
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distributed. Grubb’s test was used to determine whether
any of the data sets contained outlying points. The source
of variation with treatment was identified using a one-way
ANOVA followed by Dunnett’s multiple comparison test,
with all treatment groups being compared to the vehicle
group. The average rate of food consumption was com-
pared across the treatment groups using the Kruskal-
Wallis test, with post-hoc testing being conducted using
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Fig. 1. Graphical representations of the levels (mean+standard error of the mean) of SNAP-25 (A), synaptophysion (B), syntaxin 33kDa (C),
syntaxin 35 kDa (D), alpha-synulcein (E), NCAM-140 (F) that were affected by treatment with haloperidol or olanzapine either alone or in
combination with lithium. *p<0.05, **p<0.01, ***p<0.001, compared to vehicle. SNAP-25, synatposomal associated protein-25; NCAM-140,
neural cell adhesion molecule 140; Hal, haloperidol; Olz, olanzapine; Li, lithium.
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Dunn's multiple comparison test. All analyses were car-
ried out using GraphPad Prism Version 5.0 for Windows
(GraphPad Software Inc., San Diego, CA, USA).

RESULTS

SNAP-25

There was significant variance in levels of SNAP-25
with drug treatment (F=6.56, df=5, 54, p <0.0001), which
was due to animals treated with 0.1 mg/kg haloperidol (p
<0.001) and a combination of lithium and 0.1 mg/kg hal-
operidol (»p<0.001) having higher levels of the protein
compared to the vehicle group (Fig. 1A).

Synaptophysin

Levels of synaptophysin varied with treatment (F=
6.44, df=5, 54, p<0.0001) as a result of higher levels of
the protein in rats treated with 1.0 mg/kg olanzapine (p
<0.001), a combination of lithium and haloperidol (p
<0.01) or a combination of lithium and olanzapine (p
<0.01, Fig. 1B).

Syntaxin

Levels of syntaxin 33 and 35 both varied with drug
treatment (33 kDa; F=7.07, df=5, 54, p <0.0001: 35 kDa;
F=4.48, df=5, 54, p<0.005) due to higher levels of both
isoforms of the protein after treatment with olanzapine (p
<0.001, Fig. 1C, D).

VAMP

None of the treatment regimens caused a variation in
levels of VAMP (F=0.38, df=5, 54, p=0.86; ratio internal
control mean+SEM: vehicle=0.974+0.061, 0.1 mg/kg
haloperidol=1.040+0.039, 1 mg/kg olanzapine=0.964+
0.031, 25.5 mg/day lithium=0.990+0.035, haloperidol
and lithium=1.01£0.035, lithium and olanzapine=1.00+
0.055).

Alpha-synuclein

Levels of alpha-synuclein varied with drug treatment
(F=3.87, df=5, 54, p<0.005) due to higher levels of the
protein in rats treated with a combination of lithium and
olanzapine (p <0.05, Fig. 1E).

NCAM

Levels of NCAM-140 varied with treatment (F=4.55,
df=5, 54, p<0.005), with increased levels of the protein in
rats treated with haloperidol (p <0.05) or a combination
of lithium and haloperidol (»p <0.001, Fig. 1F). By con-
trast, none of the drug treatments had any effect on levels
of NCAM-180 (F=0.823, df=5, 54, p=0.54; ratio internal
control mean+SEM: vehicle=1.224+0.064, 0.1 mg/kg hal-
operidol=1.174£0.074, 1 mg/kg olanzapine=1.25+0.055,
25.5 mg/day lithium=1.36+0.110, haloperidol and lith-
um=1.36+0.108, lithium and olanzapine=1.17+0.13).

DISCUSSION

This study has shown that treatment with antipsychotic
drugs alone or in conjunction with the archetypal mood
stabilizer lithium has complex effects on markers of neu-
rotransmitter release and structural proteins (Fig. 2).

Effects of Drug Treatment on Markers of
Neurotransmitter Release

The soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptor (SNARE) protein SNAP-25
was increased after treatment with haloperidol alone and
haloperidol in combination with lithium. Significantly,
the combined treatment with lithium and haloperidol did
not increase levels of SNAP-25 above that which occurred
after treatment with haloperidol (+=0.1569, df=18, p>
0.05) suggesting that the changes in SNAP-25 resulted
from treatment with haloperidol. Thus, our data partly
agrees with previous studies which reported that haloper-
idol treatment increased levels of SNAP-25, VAMP and
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23 and protein.lé) Significantly, unlike

syntaxin mRNA

the previous studies' >, our study did not find that
treatment with haloperidol increased levels of VAMP or
syntaxin. This could simply be a drug-dose effect as the
earlier studies give 100-250x the dose of haloperidol used
in this study. Given the doses in our study are more closely
related to the dopamine D2 receptor blockade that gives
optimum outcomes in humans,”” it may be that changes in
syntaxin are only achieved with supra-pharmacological
doses of antipsychotic drugs. Moreover, the lack of
change seen in syntaxin protein following haloperidol
treatment is in agreement with a recent study.34) Our find-
ing that lithium does not affect levels of SNAP-25 is in
agreement with a previous studyss) but differs from anoth-
er study that suggested lithium treatment decreased
SNAP-25 levels.*® Therefore, whilst limited, the avail-
able data would favour the argument that lithium treat-
ment does not change levels of cortical SNAP-25.

Levels of synaptophysin were shown to be increased af-
ter treatment with olanzapine whilst combined treatments
with lithium and haloperidol or olanzapine also increased
levels of synaptophysin in the cortex. This somewhat
complex outcome was due to the combined treatment of
lithium and haloperidol increasing levels of synaptophy-
sin (1=2.214, df=18, p <0.05) above that seen after treat-
ment with haloperidol alone, whereas combined treatment
with lithium and olanzapine did not increase levels of syn-
aptophysin beyond that after olanzapine treatment (=
1.011, df=18, p>0.05). These data emphasise the com-
plex interactions between antipsychotic drugs and lithi-
um. Our data showing lithium does not increase levels of
synaptophysin is in line with previous studies.””"*¥ By
contrast, our data suggests that the previously reported
haloperidol-induced change in synaptophysin mRNA*”
may not have been accompanied by a change in synapto-
physin protein.

Olanzapine was the only treatment that caused an in-
crease in either isoform of syntaxin. Syntaxin levels were
not increased after treatment with olanzapine and lithium
suggesting lithium may block this action of olanzapine.

Importantly, SNAP-25, synaptophysin, syntaxin and
VAMP all play critical roles in quantal neurotransmitter
release by regulating the fusion of filled synaptic vesicles
with the neuronal membrane. This whole process is de-
pendent upon the formation of SNARE complex,40) which
is made up of three proteins, SNAP-25 and syntaxin
(located on the neuronal membrane) and VAMP (located
in the vesicle membrane) in a 1 : 1 : 1 stoichiometry.
Significantly, we have shown that levels of two of these

proteins are increased following treatment with either hal-
operidol or olanzapine. Furthermore, synaptophysin acts
as a chaperone for VAMP, potentially regulating the for-
mation of SNARE complexes,41) with overexpression of
synaptophysin increasing neurotransmitter secretion;*”
its expression is also increased following antipsychotic
drug treatment. Thus, one unifying hypothesis from our
study is that the changes observed in these neuronal mark-
ers after different antipsychotic drug treatments all have
the potential to enhance neurotransmitter release.

Effects of Drug Treatment on Markers of Neuronal
Structure

Alpha-synucelin was increased after treatment with the
combination of lithium and olanzapine. We are aware of
no other studies reporting these drug effects. Alpha-synu-
clein is predominantly expressed at presynaptic terminals
and is thought to be regulated by synaptic activity- and
neurite growth-promoting signals.43) Furthermore, it has
been shown to be substantially upregulated during syn-
aptic modification*” and to enhance synaptic transmi-
ssion™ by promoting formation of SNARE complexes.46)
Mice that are null for alpha-synuclein showed increased
activity-dependent neurotransmitter release’” but re-
duced neurotransmitter release in response to repeated
stimulation.**” Thus, it is possible that the increased al-
pha-synuclein expression seen following treatment with
the combination of lithium and olanzapine could result in
increased cortical transmission, particularly when cou-
pled with an increased probability of forming SNARE
complexes due to the increased levels of synaptophysin
resulting from treatment with olanzapine.

Finally, levels of NCAM-140, but not NCAM-180,
were increased after treatment with haloperidol alone and
combined lithium and haloperidol. These data agree with
another study that showed that treatment with lithium did
not affect levels of NCAM.* However, these data differ
from a previous study showing that treatment with olanza-
pine, but not haloperidol, caused an increase in poly-
sialylated NCAM,™” indicating that different anti-
psychotic drugs may have different effects on different
forms of NCAM. Moreover, the combined treatment in-
creased levels of NCAM-140 (+=2.215, df=18, p<0.05)
above that achieved after treatment with haloperidol
alone. Importantly, the different isoforms of NCAM have
dissimilar functions;”" it is currently thought that the rela-
tive levels of the 180 and 140 isoforms is a determining
factor in synaptic activity.52’53) In particular, NCAM-140
is required for the breakdown and reforming of synaptic
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. . . . 51,54)
connections as well as increasing neurite outgrowth.

Thus, it is possible that treatment with haloperidol, either
alone or in combination with lithium, results in an in-
creased synaptic plasticity of the cortex, which would be
compatible with the increased levels of presynaptic mark-
ers also seen after these treatments.

In summary, none of the treatments caused increases in
all of the markers of neurotransmitter-related proteins or
mature neurons. Rather, the predominant effect of treat-
ment with antipsychotics, alone and in combination with
lithium, was to cause changes that could increase the prob-
ability of cortical synaptic transmission. The only novel
effect following lithium treatment was seen when it was
combined with olanzapine, resulting in increased levels of
alpha-synuclein. One of the functions of alpha-synuclein
is to regulate the activity of the noradrenaline trans-
porter.”” It has recently been shown that treatment with
desipramine increases levels of alpha-synuclein and the
noradrenaline transporter whilst improving the perform-
ance of Wistar-Kyoto rats in the forced swim test.”® Thus,
the ability of adjunctive olanzapine to improve depressive
symptoms in bipolar disorder may be linked to modulation
of the activity of the noradrenaline transporter by al-
pha-synuclein.

Given the increases seen in SNAP-25, synaptophysin,
syntaxin, alpha-synuclein and NCAM following treat-
ment with antipsychotic drugs both with and without con-
comitant lithium, data from post-mortem studies need to
be interpreted with care and should be accompanied by
pharmacological experiments investigating the effects of
the drugs used for treating that specific cohort on the neu-
ronal markers of interest.

This study provided a novel insight into the potential
mechanisms of action by which psychotropic drugs may
bring about therapeutic benefits for people with major
psychiatric disorders. We have shown that antipsychotic
drugs have the potential to alter both synaptic plasticity
and transmission. Thus, the concept that abnormalities in
pre-synaptic neuronal function may be central to the path-
ophysiology of disorders such as schizophrenia®” can now
be augmented with the argument that antipsychotic drugs
may act, at least in part, to reverse some of these pre-syn-
aptic abnormalities.
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