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Abstract

Olanzapine (OLZ), an atypical antipsychotic, can be effective in treating patients with restricting 

type anorexia nervosa who exercise excessively. Clinical improvements include weight gain and 

reduced pathological hyperactivity. However the neuronal populations and mechanisms 

underlying OLZ actions are not known. We studied the effects of OLZ on hyperactivity using 

male mice lacking the hypothalamic neuropeptide melanin-concentrating hormone (MCHKO) that 

are lean and hyperactive. We compared the in vivo effects of systemic or intra-accumbens nucleus 

(Acb) OLZ administration on locomotor activity in WT and MCHKO littermates. Acute systemic 

OLZ treatment in WT mice significantly reduced locomotor activity, an effect that is substantially 

attenuated in MCHKO mice. Furthermore, OLZ infusion directly into the Acb of WT mice 

reduced locomotor activity, but not in MCHKO mice. To identify contributing neuronal 

mechanisms, we assessed the effect of OLZ treatment on Acb synaptic transmission ex vivo and in 

vitro. Intraperitoneal OLZ treatment reduced Acb GABAergic activity in WT but not MCHKO 

neurons. This effect was also seen in vitro by applying OLZ to acute brain slices. OLZ reduced the 

frequency and amplitude of GABAergic activity that was more robust in WT than MCHKO Acb. 

These findings indicate that OLZ reduced Acb GABAergic transmission and that MCH is 

necessary for the hypolocomotor effects of OLZ.
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Introduction

Anorexia nervosa is characterized by an inability to maintain a minimally normal body 

weight, starvation behaviors and intense fear of weight gain. In restricting type anorexia, 

individuals limit the amount of food they eat while exercising excessively. This 

hyperactivity reflects the underlying anxiety and compulsivity driving destructive body 

image and restrictive behaviors (Davis and Kaptein, 2006) and plays a critical role in 

disorder progression (Davis et al., 1997).

Most second generation, atypical antipsychotics used to treat schizophrenia and other 

psychiatric disorders are associated with weight gain (Almandil et al., 2013). This led to the 

evaluation of antipsychotics for treating anorexia (Brewerton, 2012). Olanzapine (OLZ), 

more commonly linked with weight gain than other antipsychotics, is among the most 

effective drugs for treating anorexia (Brewerton, 2012). Some studies do not find a 

therapeutic effect of OLZ (Kishi et al., 2012) but indeed, some anorexic patients treated with 

OLZ gained weight, showed improved attitudes towards eating and reduced their activity 

levels (Dennis et al., 2006; Dunican and DelDotto, 2007). In rodent models of activity-based 

anorexia, where food-restricted rodents housed with running wheels develop paradoxical 

hyperactivity and severe weight loss (Epling et al., 1983), both acute (Prinssen et al., 2000) 

and chronic OLZ treatment (Albaugh et al., 2011; Hillebrand et al., 2005; Klenotich et al., 

2012) reduced locomotor activity and prolonged survival (Hillebrand et al., 2005; Klenotich 

et al., 2012).

Mice deficient in melanin-concentrating hormone (MCH), a hypothalamic neuropeptide that 

stimulates food intake (Tritos et al., 1998) and weight gain (Della-Zuana et al., 2002; 

Gomori et al., 2003), may also represent one model of anorexia (Siegfried et al., 2003). 

MCHKO mice are lean, hypophagic (Shimada et al., 1998) and hyperactive (Kokkotou et 

al., 2005; Zhou et al., 2005). They do not elicit homeostatic increases in food intake despite 

a steadfast demonstration of hyperactivity and higher energy expenditure (Alon and 

Friedman, 2006; Kokkotou et al., 2005; Whiddon and Palmiter, 2013; Zhou et al., 2005). 

Interestingly, the orexigenic actions of OLZ and MCH can act synergistically, such as in the 

accumbens nucleus (Acb) (Guesdon et al., 2010). The Acb is a critical region controlling 

motivated behavior and motor control (Graybiel et al., 1994) and integrates both feeding 

(Georgescu et al., 2005; Guesdon et al., 2009) and locomotor actions of MCH (Pissios et al., 

2008).

OLZ may treat anorexia by reducing hyperactivity (Leggero et al., 2010) but its mechanisms 

of action are not known. Using the MCHKO as a mouse model of hyperactivity, we 

investigated the effect of OLZ to reduce locomotor activity. We demonstrated that the Acb 

partly mediates the hypolocomotor effects of OLZ, and then performed electrophysiological 

recordings from Acb medium spiny neurons (MSNs) to study the neuronal mechanisms 

underlying OLZ actions. OLZ treatment reduced GABAergic transmission at Acb MSNs. 

Both the behavioral and cellular actions of OLZ were less robust in MCHKO mice. These 

findings demonstrate that MCH is necessary for enabling the maximal effects of OLZ, 
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which acts by suppressing local GABAergic transmission in the Acb and inhibit locomotor 

activity.

Experimental Procedures

Animals

Male WT and MCHKO littermates were backcrossed onto the C57BL/6 background for >20 

generations (Kokkotou et al., 2005; Shimada et al., 1998). All mice were housed in a 12-

hour light-dark cycle at 22 °C with ad libitum access to food (#5058, LabDiet) and water. 

All procedures were conducted following accepted guidelines of the Beth Israel Deaconess 

Medical Center Institutional Animal Care and Use Committees.

Wheel-running activity

Baseline wheel-running activity of male WT and MCHKO littermates (11–16 weeks old) 

was averaged over 5 days after acclimation (7 days) to running wheels (11.5 cm diameter; 

Mini Mitter). The number of wheel revolutions was monitored using a magnetic reed switch 

and recorded using VitalView (Mini Mitter) data acquisition hardware and software. The 

effect of acute OLZ administration on wheelrunning activity was assessed in WT and 

MCHKO mice injected intraperitoneally (ip) with vehicle (0.16% acetic acid (AcOH) in 

saline) or OLZ (2.5 mg/kg) 30 min before onset of the dark cycle.

Intra-Acb administration

WT and MCHKO mice (12–16 weeks old) were anesthetized with ketamine (100 µg/kg, ip; 

Butler Schein)-xylazine (10 µg/kg, ip; Butler Schein) and a bilateral 4.2 mm guide cannula 

(Plastics One) was stereotaxically placed using coordinates: anterioposterior +1.20 mm, 

mediolateral ±0.60 mm, dorsoventral −4.10 mm (Paxinos and Franklin, 2001). The tip of the 

cannula was dorsomedial to the anterior commissure but within the medial Acb. After 

surgery, mice were singly-housed in a homecage free of suspended obstructions (ie. food 

hoppers, wire mesh) to prevent the cannula from dislodging. Homecage locomotor activity 

was assessed over 24-hour periods by an Opto-M3 infrared beam break monitoring system 

(Columbus Instruments) to detect the number of sequential beam breaks along the x-axis. A 

Multi Device Interface (v1.3; Columbus Instruments) recorded the number of X-

ambulations. After one week to recover from surgery, each mouse was habituated to 

handling for 6 consecutive days before intra-Acb treatment.

All intra-Acb infusions began 30 min before the dark cycle. Using a 33 G bilateral injector, 

we bilaterally infused WT and MCHKO mice with 1 µl of vehicle (0.7% DMSO, 0.01% 

AcOH in ACSF [technical information, Alzet], pH 7) on Day 1 and then 1 µl of 0.74 mM 

OLZ (0.23 µg per side) on Day 2. Solutions are sequentially delivered over 4 min (0.25 µl/

min) to each side of the Acb, waiting 2 min after each infusion before pulling out the 

injector to allow the solution to be absorbed by the Acb and prevent backflow up the 

cannula. All mice were returned to their respective homecage and locomotor activity was 

monitored for 4 hours post-infusion.
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At the end of the treatment period, bilateral cannula tips were coated with Dil stain (Life 

Technologies) to mark their placement in the Acb. The mice were deeply anesthetized with 

an overdose of ketamine-xylazine (ip) then transcardially perfused with chilled (4 °C) 0.9% 

NaCl saline followed with 10% buffered-formalin. The brains were removed, post-fixed, 

cryoprotected with 20% sucrose and 30 µm thick coronal sections were cut on a freezing 

microtome (SM20000R; Leica) into four equal series. We mounted one brain series to check 

the cannula placement. Results from mice where one or both cannula tips landed outside the 

medial Acb were excluded from analysis.

Electrophysiology

To study the effects of OLZ ex vivo, WT and MCHKO mice (10–12 weeks) were ip injected 

with vehicle (0.16% AcOH in saline) or OLZ (2.5 mg/kg) during the first half of the light 

cycle. Acute brain slices were prepared 2 hours after ip injection, as described below, and 

patch-clamp recordings were obtained from slices within 3 hours thereafter.

Mice were anesthetized with 0.7% chloral hydrate (Sigma-Aldrich) then decapitated. The 

brains were rapidly removed and submerged in an ice-cold, carbogenated (95% O2/5% CO2) 

sucrose-based artificial cerebrospinal fluid (aCSF) containing (in mM) 210 sucrose, 2.5 KCl, 

1.24 NaH2PO4, 10 MgCl2•6H2O, 10 glucose, 26 NaHCO3, 0.5 CaCl2, 1 ascorbic acid (310 

mOsm/L). Coronal sections (250 µm) between Bregma 1.0 – 1.9 mm (Paxinos and Franklin, 

2001) were cut with a vibrating microtome (VT1000S; Leica) then incubated in aCSF 

containing (in mM) 124 NaCl, 3 KCl, 1.3 MgSO4, 1.4 NaH2PO4, 10 glucose, 26 NaHCO3, 

2.5 CaCl2 (301 mOsm/L) at 35 °C for 20 minutes, then maintained at 22 °C.

MSN recordings (32 °C) were obtained with 7–8 MΩ patch pipettes when backfilled with an 

internal solution containing (in mM) 228 CsMS, 11 KCl, 10 HEPES, 0.1 CaCl2, 1 EGTA, 5 

MgATP, 0.3 NaGTP (285 mOsm/L; pH 7.23). Data were acquired with a Multiclamp 700B 

amplifier (Molecular Devices) and digitized via a Digidata 1440A interface (Molecular 

Devices) running pCLAMP 10.3 software (Molecular Devices). All traces were sampled at 5 

kHz, filtered at 1 kHz and analyzed off-line.

We patched MSNs in the medial Acb shell between Bregma 1.1 – 1.5 mm that were located 

beneath the tip of the lateral ventricle and horizontally aligned with the anterior commissure. 

MSNs comprise more than 90% of striatal neurons (Tepper and Bolam, 2004) and are 

distinguished from interneurons based on their size. Spontaneous inhibitory postsynaptic 

currents (sIPSCs) were recorded at a holding potential of −5 mV and appear as outward 

currents. Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in 500 nM 

tetrodotoxin (TTX) to block action potential-dependent transmitter release. OLZ was bath 

applied for 7–8 minutes.

Drugs

All chemical agents were purchased from Sigma-Aldrich, except OLZ (Toronto Research 

Chemicals, North York, Canada) and TTX (Alomone Labs, Jerusalem, Israel).
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Statistical Analysis

Synaptic events were analyzed using MiniAnalysis (Synaptosoft). Statistical comparisons 

were performed using GraphPad Prism (v5.02; GraphPad), unless indicated otherwise. Data 

are shown as mean ± SEM and the number of mice or cells per group (n) is indicated in 

parentheses within the figures. Group means were analyzed by the unpaired Student’s t test 

and data distribution was tested with the Shapiro-Wilk normality test where applicable. 

Differences observed over time were analyzed using repeated measures two-way (RM)-

ANOVA followed by post hoc Bonferroni test. To generate cumulative probability plots, 

200 IPSC events from each cell (ex vivo experiments) or condition (in vitro experiments) 

were pooled into each group. Differences in cumulative probability were determined by the 

Kolmogorov-Smirnov two-sample statistical test (KS-test) using MiniAnalysis 

(Synaptosoft). All significant differences were determined at p < 0.05. The exponential 

dose-response curve was fitted to a standard sigmoidal dose-response curve equation: Y = 

[Bottom + (Top-Bottom)/(1+10(LogEC50-X)•HillSlope)]. Representative sample traces were 

plotted using Axum 5.0 (MathSoft).

Results

Acute systemic OLZ treatment reduced wheel-running activity of WT but not MCHKO mice

We assayed the MCHKO model of hyperactivity by comparing the baseline activity of 

MCHKO to WT littermates. Over a 24-hour period, MCHKO mice exhibited more wheel-

running activity than WT littermates, a difference largely attributed to activity during the 

dark cycle (F(1,690) = 5.33, p < 0.05; Figure 1A).

To determine the actions of OLZ on locomotor activity, we monitored the activity of WT 

and MCHKO mice following an acute ip injection of OLZ (2.5 mg/kg). OLZ-treated WT 

mice exhibited significantly less wheel-running activity than vehicle-treated counterparts 

(F(1,27) = 12.03, p < 0.005; Figure 1B). However even after 4 hours, OLZ had no significant 

effect on MCHKO mice (Figure 1C). Evidently, the reduction in wheel-running activity was 

greater in WT than MCHKO mice (F(1,24) = 7.07, p < 0.05; Figure 1D).

OLZ acts at the medial Acb to suppress locomotor activity

The hyperactivity of MCHKO mice is partly integrated at the Acb (Pissios et al., 2008), 

where synergistic OLZ and MCH actions were also reported (Guesdon et al., 2010). To 

determine if the Acb mediates inhibitory OLZ actions, we bilaterally infused vehicle (Day 1) 

or OLZ (Day 2) to each mouse (Figure 2A) and compared corresponding changes in 

locomotion. We removed the homecage running wheels after surgery to prevent the guide 

cannula from dislodging and monitored ambulatory beam break activity for up to 4 hours 

post treatment.

Cannulation surgery did not affect locomotor activity of WT or MCHKO mice (F(1,299) = 

6.34, p < 0.05; Figure 2B). After 2 hours, bilateral intra-Acb OLZ infusion reduced the 

ambulatory activity of WT mice by 50%; but had little effect in MCHKO mice (t(11) = 2.53, 

p < 0.05; Figure 2C). Over 4 hours, the effect of intra-Acb OLZ was more effective in WT 

than MCHKO mice (F(3,33) = 6.55, p < 0.05; Figure 2D).

Chee et al. Page 5

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OLZ treatment reduced GABAergic activity ex vivo in WT but not MCHKO Acb

To determine the effect of OLZ in the Acb, we first determined if OLZ alters synaptic 

transmission between Acb MSNs. We tested whether OLZ alters intra-Acb GABAergic 

transmission in ex vivo MSN recordings within 2–5 hours of an acute ip injection of vehicle 

or OLZ (2.5 mg/kg).

Acb MSNs from OLZ-treated WT mice exhibited significantly lower sIPSC frequencies 

than MSNs from vehicle-treated WT mice (t(28) = 2.80, p < 0.01; Figure 3A). This reduction 

in WT GABAergic activity persisted in the presence of TTX to block activity-dependent 

transmission, thus suggesting an effect of OLZ at local MSNs (t(30) = 2.16, p < 0.05; Figure 

3B). By contrast, MCHKO mice treated with vehicle or OLZ showed similar sIPSC (Figure 

3A) and mIPSC frequencies (Figure 3B).

OLZ application in vitro reduced GABAergic synaptic transmission at Acb MSNs

We then identified the neuronal mechanisms underlying inhibitory OLZ actions by 

comparing the response of WT and MCHKO IPSCs to OLZ applied directly to naïve brain 

slices. Since MCHKO MSNs have an attenuated OLZ response, we conducted a dose-

response curve using WT MSNs to select a maximal in vitro OLZ concentration so that even 

small OLZ effects in MCHKO MSNs may be detected. The change in sIPSC frequency with 

varied OLZ concentrations (300 nM – 10 µM) indicated that 10 µM OLZ is a near maximal 

dose (Figure 4A), which we applied in subsequent experiments. Pretreating our slices with 

bicuculline (10 µM) abolished all sIPSCs thus confirming that we are analyzing GABAA-

mediated synaptic transmission (Figure 2B).

Bath application of 10 µM OLZ reduced sIPSC frequency (Figure 4C) and produced a right-

shift in the cumulative distribution plot of sIPSC interevent intervals from both WT (p < 

0.0001) and MCHKO MSNs (p < 0.0001; Figure 4D). In the presence of TTX to block 

action potential-dependent transmission and isolate GABAergic activity originating within 

the brain slice, such as from local Acb MSNs, OLZ similarly right-shifted the cumulative 

distribution of mIPSC interevent intervals and reduced mIPSC frequency in both WT (p < 

0.0001) and MCHKO MSNs (p < 0.0001) (Figure 4E). However the OLZmediated decrease 

in sIPSC (t(12) = 2.40, p < 0.05) and mIPSC frequency (t(13) = 2.34, p < 0.05) was nearly 2-

fold greater in WT than MCHKO MSNs (Figure 4F). OLZ also affected the amplitude of 

GABAergic events, producing a leftward shift in the cumulative distribution of sIPSC (p < 

0.0001; Figure 4G) and mIPSC amplitudes (p < 0.0001, Figure 4H). This reduction in 

amplitude was similar between WT and MCHKO MSNs (Figure 4I).

Discussion

MCH has well-documented orexigenic actions and can regulate locomotor activity. We 

show that MCH plays a key role in mediating the hypolocomotor effects of OLZ. We 

identified the Acb as one neural correlate mediating the hypolocomotor effects of OLZ, then 

determined its corresponding neuronal mechanism. OLZ administration peripherally or 

directly to the medial Acb suppressed the locomotor activity of WT mice. OLZ treatment 
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reduced GABAergic activity at Acb MSNs. Interestingly, these effects were markedly 

attenuated in mice lacking MCH.

OLZ has been effective in treating restricting type anorexia nervosa, such as by reducing 

their pathological hyperactivity (Leggero et al., 2010). To explore its mechanisms that 

reduce hyperactivity, we tested its efficacy in MCHKO mice that have been proposed as a 

model of anorexia (Siegfried et al., 2003) because they are hyperactive but do not 

compensate by eating more. We did not measure food intake here since clear baseline 

hyperactivity can be distinguished. Surprisingly, we found that OLZ was substantially less 

effective in MCHKO mice, thus implicating MCH is necessary for OLZ actions. The Acb is 

a critical structure mediating the locomotor actions of MCH and OLZ. The Acb contains a 

high level of MCH receptor mRNA (Chee et al., 2013) and mediates the hyperactivity of 

MCHKO mice (Pissios et al., 2008). Furthermore, co-administration of OLZ with an MCH 

agonist has a synergistic effect to stimulate feeding when infused into the Acb (Guesdon et 

al., 2010). We show here that MCH is necessary for the actions of OLZ, especially those 

mediated by the Acb.

Systemic OLZ treatment nearly abolished all WT locomotor activity for at least 2 hours. 

Over the same time period, direct OLZ infusion into the medial Acb of WT mice reduced 

locomotor activity by more than 50% compared to vehicle-infused WT mice. This indicates 

that the Acb is one target of OLZ but concurrent effects in other brain regions are needed to 

fully inhibit locomotor activity. Potential candidate regions include the orexin neurons in the 

hypothalamus (Rasmussen et al., 2005), ventral tegmental area (Stockton and Rasmussen, 

1996) and prefrontal cortex (Robertson and Fibiger, 1996; Sebens et al., 1998). These 

regions show an increase in c-fos immunoreactivity and/or neuronal firing with OLZ 

treatment and are implicated in locomotor activity, albeit via different mechanisms. For 

example, glutamatergic cortical efferents can regulate motor control (David, 2009), while 

locomotor actions of the ventral tegmental is mediated by cannabinoid signaling (Dubreucq 

et al., 2013) and/or innervation by orexin neurons (Rasmussen et al., 2007), which can also 

directly regulate locomotion (Nakamachi et al., 2006).

Additionally, we showed that OLZ actions in the Acb reduced MSN GABAergic activity. 

We observed a reduction of GABAergic activity ex vivo following systemic OLZ treatment 

as well as by applying OLZ to acute brain slices in vitro. Collateral projections between 

MSNs or from local interneurons that comprise the majority of GABAergic afferents in the 

Acb do not extend far from the soma (Koos et al., 2004; Tunstall et al., 2002). This suggests 

that the effect of OLZ on GABAergic synaptic transmission occur between proximal MSNs. 

The change in GABAergic frequency suggests a presynaptic site of action. By reducing the 

amplitude of GABAergic events, this further suggested mechanisms of OLZ action that can 

decrease GABAA receptor sensitivity (Skilbeck et al., 2008), induce GABAA receptor 

internalization (Chen et al., 2006) and reduce membrane density (Farnbach-Pralong et al., 

1998). OLZ has no affinity for GABAA receptors and there is no consistent or direct 

correlation between GABAergic transmission and locomotor activity, as injection of GABA 

agonists may increase or decrease locomotion (Jones et al., 1981; Wachtel and Andén, 

1978). However activation of direct (via dopamine D1 receptors) or indirect (via dopamine 

D2 receptors) striatal motor output pathways (Koos et al., 2004) can bias toward increased 
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or decreased locomotion, respectively (Kravitz et al., 2010). OLZ increases dopamine D2 

receptor binding (Vinish et al., 2013) and MSN D2 receptor activation decreases IPSC 

frequency (Watanabe et al., 2009) and amplitude (Kohnomi et al., 2012) similar to what we 

observe. Thus it is possible that OLZ preferentially activates D2-expressing MSNs to reduce 

locomotor activity. Moreover, D2 receptor availability may underlie OLZ insensitivity in 

MCHKO mice. Our results suggest that MCH-dependent Acb mechanisms are necessary for 

OLZ action. MCHKO hyperactivity is attributed to elevated dopamine release in the Acb 

(Pissios et al., 2008), which can lead to D2 receptor downregulation (Gomez-Sintes et al., 

2014; Pissios et al., 2008). As OLZ preferentially increases D2 binding (Vinish et al., 2013) 

to inhibit locomotion, we speculate that in the absence of MCH, there is a reduced 

availability of D2 receptors, leading to the attenuation of OLZ action. Further work will 

define the precise mechanisms by which MCH changes the sensitivity to OLZ.

Despite the effectiveness of OLZ in the clinic, its mechanisms of actions are poorly 

understood. We showed here that the Acb is one brain region mediating the hypolocomotor 

actions of OLZ. At the synaptic level, OLZ reduced Acb GABAergic activity, which 

provided an effective readout for OLZ actions. It is possible that the efficacy of OLZ can be 

linked to MCH-dependent actions in the Acb. Although speculative, these findings implicate 

a potential role for MCH in anorexic patients that do not respond to OLZ.
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Figure 1. Acute systemic OLZ treatment suppressed wheel-running activity of WT but not 
MCHKO mice
A, Mean number of wheel revolutions averaged over 5 days show elevated baseline wheel-

running activity of MCHKO mice. B–C, Comparison of cumulative wheel-running activity 

following intraperitoneal administration of vehicle (0.16% acetic acid) or OLZ (2.5 mg/kg) 

in WT (B) and MCHKO mice (C) show that OLZ reduced wheel-running activity of WT but 

not MCHKO mice. D, OLZ-mediated reduction in wheel-running was greater in WT than 
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MCHKO mice. RM-ANOVA for WT vs MCHKO: #, p < 0.05; RM-ANOVA for WT 

vehicle vs WT OLZ: ^^, p < 0.01; Bonferroni post test: **, p < 0.01.
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Figure 2. Bilateral infusion of OLZ into the medial accumbens reduced ambulatory activity of 
WT but not MCHKO mice
A, Tip location of bilateral cannula placed in the medial Acb for all WT and MCHKO mice 

included in these experiments. Each cannula pair is color-matched. Ambulatory activity of 

each WT and MCHKO mouse after intra-Acb OLZ infusion (0.23 µg per side) was 

compared and normalized to vehicle (0.7% DMSO, 0.01% AcOH). B, Average baseline 

ambulation count along the x-axis (X-ambulations) over 5 days for MCHKO mice remained 

elevated following cannulation surgery. C, Comparison of percent decrease in ambulatory 
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activity following intra-Acb vehicle versus OLZ infusion in individual WT and MCHKO 

mice. Unpaired t test: *, p < 0.05. D, Intra-Acb OLZ infusion reduced ambulatory activity of 

WT but not MCHKO mice. Inhibitory effects of OLZ in WT Acb were maximal within the 

first 2 hours but absent across all time points in MCHKO. RM-ANOVA for WT vs 

MCHKO: #, p < 0.05; Bonferroni post test: *, p < 0.05, **, p < 0.01.
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Figure 3. Systemic OLZ treatment reduced GABAergic activity in WT but not MCHKO MSNs 
ex vivo
MSN recordings from WT and MCHKO Acb were obtained 2–5 hours after mice were 

injected intraperitoneally with vehicle (0.16% acetic acid; solid bars) or OLZ (2.5 mg/kg; 

hatched bars). A, Lower MSN sIPSC frequency from OLZ-treated WT but not MCHKO 

mice. B, MSNs pretreated and recorded in 500 nM TTX showed lower MSN mIPSC 

frequency from OLZ-treated WT but not MCHKO mice. Unpaired t test: *, p < 0.05, **, p < 

0.01.
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Figure 4. In vitro OLZ application produced a greater reduction in the frequency of GABAergic 
activity in WT than MCHKO MSNs
A, Dose-response curve showing the reduction of IPSC frequency by different OLZ 

concentrations that reached a maximum at 10 µM OLZ. EC50 = 1.6 µM. B, Representative 

sIPSC sample traces before (control), during (10 µM OLZ), after OLZ washout (wash), and 

that were abolished by 10 µM bicuculline pretreatment. C, Time course of the change in 

GABAergic activity by bath application of OLZ showed a robust decrease in sIPSC 

frequency over time that was greater and longer-lasting in WT than MCHKO MSNs. RM-
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ANOVA for WT vs MCHKO: #, p < 0.05. D–E, OLZ bath application (dashed lines) to WT 

and MCHKO MSNs produced a right-shift in the cumulative probability plot of sIPSC (D) 

and mIPSC (E) interevent intervals compared to their respective controls (solid lines). K-S 

test for WT and MCHKO control vs OLZ, p < 0.0001. F, Decrease in sIPSC and mIPSC 

frequency was greater in WT than MCHKO MSNs. Unpaired t test: *, p < 0.05. G–H, Bath 

application of OLZ (dashed lines) to WT and MCHKO MSNs produced a left-shift in the 

cumulative probability plot of sIPSC (G) and mIPSC (H) amplitudes compared to their 

respective controls (solid lines). K-S test for WT and MCHKO control vs OLZ, p < 0.0001. 

I, OLZ reduced the amplitude of sIPSC and mIPSC amplitudes in WT and MCHKO MSNs.
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