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List of non-standard abbreviations: 

ADHD, attention deficit hyperactivity disorder 

(R)-CPP, 3-[(R)-2-carboxypiperazin-4-yl]-propyl-1-phosphoric acid 

5-CSRTT, 5-choice serial reaction time task 

5,7-DHT, 5,7-dihydroxytryptamine 

DMI, desmethylimipramine or desipramine 

DRL, differential reinforcement-of-low rate 

5-HT, 5-hydroxytryptamine 

5-HT2A, 5-hydroxytryptamine2A 

5-HT2C, 5-hydroxytryptamine2C 

IRT, interresponse time 

M100907, [R-(+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl-4-

piperidinemethanol] 

MK-801, dizocilpine or [+]-5-methyl-10,11-dihydro-5H-dibenzo-[a,d]-cyclohepten-

5,10-imine hydrogen maleate 

MAOI, monoamine oxidase inhibitor 

NE, norepinephrine 

NMDA, N-methyl D-aspartate 

PCP, phencyclidine 

PFC, prefrontal cortex 

SSRI, selective serotonin reuptake inhibitor 

TCA, tricyclic antidepressant 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 4, 2008 as DOI: 10.1124/jpet.108.143370

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 143370 
 

 4

ABSTRACT 

Previous work has suggested that N-methyl D-aspartate (NMDA) receptor 

antagonism and 5-hydroxytryptamine2A (5-HT2A) receptor blockade may enhance 

and attenuate, respectively, certain types of impulsivity mediated by 

corticothalamostriatal circuits.  More specifically, past demonstrations of 

synergistic “antidepressant-like” effects of a 5-HT2A receptor antagonist and 

fluoxetine on differential-reinforcement-of low rate 72-s (DRL 72-s) schedule of 

operant reinforcement may speak to the role of 5-HT2A receptor blockade with 

respect to response inhibition as an important prefrontal cortical (PFC) executive 

function relating to motor impulsivity.  In order to examine the dynamic range over 

which 5-HT2A receptor blockade may exert effects on impulsivity, [R-(+)-a-(2,3-

dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl-4-piperidinemethanol] (M100907) was 

examined both alone and in combination with the psychotomimetic NMDA receptor 

antagonist dizocilpine (e.g., MK-801) and two different antidepressants, the 

tricyclic antidepressant (TCA) desmethylimipramine (DMI) and the monoamine 

oxidase inhibitor (MAOI) tranylcypromine in rats performing under a DRL 72-s 

schedule.  MK-801 increased the response rate, decreased the number of 

reinforcers obtained and exerted a leftward shift in the interresponse time (IRT) 

distribution as expected.  A dose of M100907 which exerted minimal effect on DRL 

behavior by itself attenuated the psychotomimetic effects of MK-801.  Extending 

previous M100907-fluoxetine observations, addition of a minimally active dose of 

M100907 to low doses of DMI and tranylcypromine enhanced the antidepressant-

like effect of the antidepressants.  Therefore, it may be that a tonic excitation of 5-
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HT2A receptors modulates impulsivity and function of corticothalamostriatal circuits 

over an extensive dynamic range. 
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INTRODUCTION 

Impulsivity is a complex phenomenon due in part due to the involvement of 

many signaling molecules including 5-hydroxytryptamine (5-HT), glutamate, 

dopamine and norepinephrine (NE).    Impulsivity, however, also is used to 

describe multiple behavioral processes including the impaired ability to inhibit 

inappropriate responses, intolerance to delay of reward, over-rapid decision-

making secondary to a lack of adequate reflection, and more universal attentional 

deficits (Evendon, 1999; Winstanley et al., 2004a).  Since these impulsivity-related 

endophenotypes are often present in psychiatric syndromes and conditions such 

as schizophrenia, bipolar disorder, depression, attention-deficit hyperactivity 

disorder (ADHD), substance abuse and suicide, a major goal then has been to 

describe the neurocircuity and pharmacology of these distinct types of impulsivity 

(Dalley et al., 2004). 

A growing literature supports an important role for 5-HT and the 5-HT2A 

receptor system in modulating impulsivity related to response inhibition.   For 

example 5-HT depletions induced by the neurotoxin 5,7-dihydroxytryptamine (5,7-

DHT) impair response inhibition under a differential-reinforcement-of-low-rate 72-s 

(DRL 72-s) schedule of reinforcement (Jolly et al., 1999).  The DRL 72-s schedule 

requires subjects to withhold responses for at least 72 seconds in order to receive 

a reinforcer following a lever press response and has been widely used as a 

behavioral screen for antidepressants (O'Donnell et al., 2005).  DRL schedules 

have also been used to probe the pharmacological modulation of impulsivity 
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related to withholding responding (Pattij et al., 2004; Evenden and Ko, 2005; 

Fletcher et al., 2007).  Further pharmacological evidence for the role of 5-HT in 

impulsivity is the finding that subtype specific modulation of the 5-HT2A and 5-HT2C  

receptors have opposing effects on different aspects of impulsivity measured by 

the 5-choice serial reaction time task (5CSRTT) and the DRL 72-s schedule 

(Marek et al., 1989; Martin et al., 1998; Winstanley et al., 2004b; Talpos et al., 

2006).  

Recently, we have examined the effect of M100907 (formerly MDL 

100,907), a 5-HT2A receptor antagonist which shows greater than 80-fold 

selectivity at 5-HT2A receptors relative to all other serotonergic and noradrenergic 

subtypes (Kehne et al., 1996), on the behavior of rats performing under a DRL 72-

s schedule.  We found that M100907, in a dose-dependent manner, improved 

response inhibition as demonstrated by an increase in the reinforcement rate, a 

decreased in the response rate and a shift in the inter-response time (IRT) 

distribution to the right.  This pattern of behavior observed with M100907 is similar 

to that observed with all classes of antidepressants except SSRIs, which do not 

produce consistent effects on IRT distributions (Marek et al., 2005; Sokolowski & 

Seiden, 1999).  Interestingly, we found that low doses of M100907 (~10 μg/kg) 

exhibited apparent synergy when combined with clinically relevant doses of the 

SSRI fluoxetine, which alone showed modest antidepressant effects in the DRL 

72-s schedule.  

The degree to which the above interactions of fluoxetine and M100907 on 

DRL 72-s behavior generalize to non-SSRI mechanisms is not known.  However, 
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M100907 did not potentiate the increases in extracellular 5-HT induced by 

fluoxetine (Marek et al., 2005), suggesting a pharmacodynamic rather than a 

pharmacokinetic interaction.  To further explore modulation of impulsivity by the 5-

HT2A receptor subtype, the present studies examined the effects of M100907 on 

behavior induced by the N-methyl-D-aspartate (NMDA) receptor antagonist MK-

801, the tricyclic antidepressant desipramine (DMI), and the monoamine oxidase 

(MAOI) inhibitor tranylcypromine.  These three psychoactive agents were chosen 

since MK-801 and the antidepressant drugs modulate impulsivity in the DRL 72-s 

in opposing directions and via distinct neurochemical mechanisms.  NMDA 

receptor antagonists such as MK-801 tend to disrupt response inhibition observed 

with DRL schedules as well as other measures of impulsivity such as the 5-

CSRTT.  In contrast, monoaminergic antidepressants such as DMI and 

tranylcypromine enhance response inhibition of rats performing under the DRL 72-

s schedule as shown by decreased response rate, increased reinforcement rate, 

and a shift to the right of the interesponse time (IRT) distribution.  We demonstrate 

in the present studies that M100907 when combined with MK-801, DMI, or 

tranylcypromine is able to enhance response inhibition through a 

pharmacodynamic mechanism irrespective of whether the drug-induced effect is 

attenuation (e.g. MK-801) or facilitation (e.g. DMI and tranylcypromine) of 

response inhibition.     
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METHODS 

Subjects.  Male Sprague-Dawley rats weighing between 300 and 350 g at the 

beginning of the behavioral experiments (Holtzman, Madison, WI) were housed in 

pairs.  The colony room was maintained at 20 oC and relative humidity (60%).  The 

room was illuminated 12 hr/day (07:00-19:00).  All rats had free access to 

laboratory chow (Teklad 4% Rat Diet) except during experimental sessions.  Water 

was available for a 20 min period following the daily behavioral session.  All 

animals were treated in accord with the National Institutes of Health’s Guide for 

the Care and Use of Laboratory Animals.  In addition, all protocols were approved 

by the institutional Animal Care and Use Committee where the sponsored studies 

were performed (Yale University and Eli Lilly and Company). 

 

Apparatus.  16 MED Associates operant-conditioning chambers (30.5 x 24.1 x 

29.2 cm; St. Albans, VT; www.med-associates.com) were used for the DRL 

experiments.  The lever in these chambers was mounted on one wall with the  

water access next to the lever in the middle of the wall.  A reinforced response 

caused the dipper (0.02 cc cup) to be lifted from a water trough to an opening in 

the floor of the access port for 4 sec.  The houselight (which was mounted on the 

opposite wall) was turned on when the session began, remained on throughout the 

entire session and turned off at the end of the session.  Each experimental 

chamber was enclosed in a melamine sound attenuating cubicle and equipped 

with a white noise generator to provide masking noise. 
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Operant training.  Rats were water deprived for ~ 22.5 h before each session.  

Each rat was initially trained under an alternative fixed ratio 1, fixed-time 1 min 

schedule for water reinforcement.  Thus, each response was reinforced and water 

was also provided every minute if a response did not occur.  The few rats whom 

did not acquire lever-pressing behavior after three daily 1 h sessions under this 

schedule were trained by the experimenter using the method of successive 

approximation.  After the rats had acquired lever-pressing behavior they were 

trained during daily DRL 18-s sessions for ~ 2 weeks before moving directly to 

DRL 72-s sessions.  The responding on these sessions became stable after ~ 8 

weeks.  Experimental sessions lasted for 1 h and were conducted 5 days/week 

during light hours. 

 

Data analyses.  The data analyses were conducted on the raw response and 

reinforcement data.  All behavioral data are expressed as the mean + SEM 

normalized to the vehicle or vehicle/vehicle condition.  The effects of M100907 

(6.25-100 μg/kg) were analyzed with a one-way repeated measures analysis of 

variance (ANOVA).  The effects of the combined treatment with M100907 and 

each antidepressant drug were analyzed with a two-factor repeated measures 

ANOVA.  Significant main effects or interactions were analyzed by the Newman-

Keuls or Dunnett test where appropriate.  The level of significance was set for 

p<0.05 for all analyses. 

 The cumulative IRT distribution for each condition was obtained by adding 

the IRT distribution for each individual rat together.  The non-parametric 
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Kolmogorov-Smirnov test was used to make comparisons between different 

treatment conditions.  The level of significance was set for p<0.05 for all analyses 

using a Bonferroni correction. 

 

Drug Exposure 

Live Phase.  Rats were sacrificed by cervical dislocation and the brain was 

removed and lightly rinsed with sterile water.  The frontal cortex was dissected, 

weighed and placed in small centrifuge tubes on dry ice until the completion of the 

study. 

Tissue Preparation and Analysis.  For M100907, MK-801 and DMI extraction 

from brain tissue, the samples were homogenized, using an ultrasonic 

dismembrator probe (Fisher Scientific model 100, Pittsburgh, PA), in four times the 

brain volume of acetonitrile containing 0.1% formic acid and centrifuged at 20,000 

xg for 16 mins.  The supernatant was diluted by 9 parts sterile water (100 µl 

supernatant to 900 µl sterile water), mixed and injected by autosampler onto an 

HPLC.  Twenty microliter injections of each sample were made onto a 5 micron 

Zorbax C-18 column (2.0 x 150mm, Agilent Technologies) that was maintained at 

30°C.  The mobile phase consisted of two parts, HPLC grade water and 

acetonitrile, both containing 0.1% formic acid.   Using a high pressure gradient 

program, these solutions were combined into a mobile phase initially containing 

5% of the acetonitrile solution.  After injection, the acetonitrile content was linearly 

increased to 95% over a 3 minute period after which the acetonitrile content was 

decreased to the 5% initial condition for a 2 minute re-equilibration.  The flow rate 
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used was 0.250 ml/min.  M100907, MK-801 and DMI eluted ~2 minutes after 

sample injection and analyte detection was accomplished using an API3000 

MS/MS mass spectrometer (Applied Biosystems, Foster City, CA) in positive 

electrospray mode using MRM and monitoring the mass transition from parent-

daughter ion (374/356, 222/205, 266/251 m/z), respectively, in the tandem mass 

spectral detector.  Each compound was quantified by comparison to a four point 

external standard curve (30-1000 ng/ml) generated by extracting brain tissues 

from non-treated animals to which known quantities of analyte had been added. 

 

Drugs 

Doses were calculated on the basis of the salt forms.  The drugs were dissolved in 

saline (M100907 neutralized to a pH ~7.4) and injected i.p in a volume of 1ml/kg 

body weight.  M100907 was a gift from Marion Merrell Dow (Cincinnati, OH: now 

Sanolfi-Aventis).  The TCA desipramine and MK-801 were obtained from Sigma 

(St.Louis, MO).  Drugs were administered to the animals once weekly in an 

ascending order to minimize possible carryover effects since a majority of 5-HT2A 

antagonists, TCAs, and monoamine oxidase inhibitors have been associated with 

5-HT2A receptor downregulation. 

 

Results 

MK-801 significantly disrupted responding of rats performing under the stimulus 

control of a DRL -72s schedule (Fig. 1, top panel).  MK-801 (0.18 mg/kg) alone 

significantly decreased reinforced lever responses compared to vehicle (p<0.01).  
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To investigate whether antagonism of the 5-HT2A receptor could modulate these 

effects we examined the effect of 1, 10 and 100 μg/kg M100907 on the MK-801-

induced disruptions. Compared with vehicle, the 1 µg/kg dose of M100907 when 

combined with MK-801 still significantly decreased reinforcers, similar to MK-801 

alone.  In contrast the combination of 10 or 100 μg/kg M100907 antagonized the 

effect of MK-801 bringing responses and reinforcers back similar to vehicle 

(p>0.05).  Thus M100907 was able to block the disruptive effect of MK-801 in a 

dose-dependent manner.   The repeated measures ANOVA was run with 8 

animals instead of 10 because 2 of the animals had missing values due to a 

complete suppression of lever responses which would preclude the use of this 

test.   

The disruption of DRL behavior induced by MK-801 was also demonstrated 

by a leftward shift in the IRT distribution (Figure 1, bottom panel).  M100907 

blocked the disruptive effect of MK-801 and shifted the IRT distribution curve back 

to the right in a dose-dependent fashion.  Kolmogorov-Smirnov analyses 

demonstrated that the distribution curve of MK-801 combined with vehicle was 

significantly different from MK-801 combined with 1, 10, and 100 μg/kg  M100907 

doses (p<0.001).  The highest dose of M100907 (100 μg/kg) combined with MK-

801 virtually normalized the IRT distribution compared to the vehicle/vehicle 

condition.  Kolmogorov-Smirnov analyses furthermore demonstrated significant 

differences when vehicle, 1 and 10 μg/kg  M100907 were each combined with MK-

801 compared to the vehicle/vehicle treated group (Fig. 1, bottom panel,  

p<0.001).  Finally the 100 μg/kg dose of M100907 completely abolished the MK-
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801 induced burst responding (responses with interresponse intervals of 3 

seconds or less). 

To investigate whether  M100907 would also optimize drug induced 

improvements in behavioral control we investigated the effect on antidepressants 

with differing mechanisms, the tricyclic antidepressant DMI and the monoamine 

oxidase inhibitor tranylcypromine in a separate group of animals.  M100907 (6.25-

100 μg/kg) alone significantly increased the number of reinforcers obtained 

(F(5,35=15.67, p<0.001) at the 25, 50, and 100  μg/kg doses (Fig. 2, top panel).  

M100907 significantly decreased the total number of lever presses (F(5,35)=5.21, 

p<0.01) with significant decreases at the 25 and 100 μg/kg doses (p<0.05).   

Analyses of the IRT distributions (Figure 2, bottom panel) demonstrated  

significant differences for the vehicle treatment compared to M100907 at 25 

(p<0.001) and 100 μg/kg (p<0.001) but not 6.25 μg/kg.  

When DMI (0.62, 1.25, and 2.5 mg/kg) was combined with 6.25 μg/kg of 

M100907 there was a significant main effect of DMI on reinforcers (F(3, 21)= 

27.440, p<0.001) (Figure 3, top panel).  There was also a significant main effect of 

M100907 on reinforcers obtained (F(1,7)=12.552, p<0.01).  However, there was 

only a trend towards an interaction between DMI and M100907 (F(3,21)=2.392, 

p=0.09) for the reinforcement rate.   DMI alone increased the reinforcement rate 

only at the 2.5 mg/kg dose (p<0.05, Newman-Keuls test) while the combination of 

M100907 and DMI increased the number of reinforcers obtained at all three doses 

(p<0.05, 0.62 mg/kg DMI; p<0.01, 1.25 mg/kg DMI; p<0.001, 2.5 mg/kg DMI).  The 

reinforcement rate was significantly greater for the 2.5 mg/kg DMI/M100907 
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condition vs. the 2.5 mg/kg DMI/vehicle condition.  Higher doses of DMI (5 and 10 

mg/kg) alone increased the reinforcement rate to 148 + 16 and 165 + 18% of 

control, respectively (not shown), which were not numerically greater than the 

increased reinforcer rate at the 2.5 mg/kg DMI/M100907 condition. 

With respect to total lever press responses, there was a significant main 

DMI  effect (F(3,21)=8.744, p<0.001), a significant main M100907 effect (F(1,7)= 

9.455, p<0.05) and a non-significant interaction between DMI and M100907 

(F(3,21)=0.171, p>0.05).  DMI alone decreased the response rate only at the 2.5 

mg/kg dose as expected (p<0.05).  M100907 (6.25 μg/kg) alone had no significant 

effect at this dose.  However, the combination of M100907 and DMI resulted in 

significant response rate decreases at the 0.62 mg/kg DMI condition (p<0.01), the 

1.25 mg/kg DMI condition, and the 2.5 mg/kg DMI condition (p<0.001).   Higher 

doses of DMI (5 and 10 mg/kg) alone decreased the response rate to 55.1 + 14 

and 38 + 20% of control, respectively (not shown). 

DMI alone exerted a rightward shift in the IRT distribution as previously 

shown (Figure 3, bottom panel).  This figure also shows that the 6.25 μg/kg dose 

of M100907 (which had virtually no effect alone) further enhanced the rightward 

shift obtained with the 2.5 mg/kg DMI dose (p<0.001 vs veh/veh; p<0.001 vs 

veh/M100907; p<0.001 vs DMI/veh).   

Similar to DMI, the monoamine oxidase inhibitor tranylcypromine (0.62-

2.5mg/kg) increased the reinforcement rate and decreased the response rate in a 

dose-dependent manner with significant effects on reinforcers and responses 

occurring with the 1.25 and 2.5 mg/kg doses (Figure 4).  Significant main effects of 
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tranylcypromine on reinforcers obtained F(3,21)=7.316, p<0.01) and responses 

F(3, 21)=5.213, p<0.01) were observed.  M100907 alone (6.25 μg/kg) did not have 

significant effects on response or reinforcement rate however, there was a 

significant interaction between M100907 and tranylcypromine on reinforcement 

rate (F(2,14)= 18.5197, p<0.001).  M100907 also enhanced the reinforcement 

rate-increasing effect tranylcypromine which reached significance at the 

1.25mg/kg tranylcypromine dose (p<0.05) compared to this tranylcypromine dose 

alone.   

 To investigate whether pharmacokinetic mechanisms were involved in the 

above interactions of M100907 and either MK-801 (0.18 mg/kg, ip) or DMI (2.5 

mg/kg, ip), we measured brain concentrations of these compounds alone and in 

combination.  We chose to measure drug concentrations from frontal cortex tissue 

given the importance of this region for mediating behavior on the DRL-72s 

schedule.  An approximately 4-fold higher dose of M100907 (30 μg/kg, ip) was 

studied in this pharmacokinetic experiment to reliably obtain brain M100907 levels 

above the lower limit of detection.  As shown in Table 1, there were no interactions 

of M100907 with any of the other compounds further arguing against 

pharmacokinetic mechanisms to explain the interaction of M100907 with MK-801, 

DMI and tranylcypromine. 

 

Discussion 

The three major findings of the present studies are that (1) the 5-HT2A receptor 

antagonist M100907 is able to block the disruptive effect of the NMDA receptor 
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antagonist MK-801 on DRL 72-s behavior, (2) M100907 also is able to further 

enhance the antidepressant-like effect of DMI and tranylcypromine on DRL 72-s 

behavior and (3)  the brain levels of MK-801 and DMI are not altered when they 

are combined with M100907, when compared to each drug given individually.  

Thus, the above interactions appear to be mediated by a pharmacodynamic rather 

than a pharmacokinetic mechanism.  Together these findings indicate that 

antagonism of the 5-HT2A receptor can optimize response inhibition (withholding 

responses) over a dynamic range of pharmacological mechanisms and baseline 

impulsivity levels.   

 Our results showing that MK-801 increased response rate and bursting in 

the DRL 72-s behavior is consistent with well known disruptive effects of MK-801 

on executive function including impulsivity and attention (Keith et al., 1991; 

McAuley et al., 2006).  This disruptive effect of NMDA antagonists on executive 

function is thought to occur as a result of altered glutamatergic tone in the 

prefrontal cortex and has been used as a model of  the altered neurocircuitry that 

may be occurring in the brain’s of individuals with mood and psychotic disorders  

(Mohn et al., 1999; Rung et al., 2005; Lahti et al., 2006).   

Although to our knowledge this is the first report of M100907 blocking the 

effect of MK-801 in the DRL-72 s schedule, our findings add to a growing literature 

implicating important 5-HT-glutamate interactions in the modulation of prefrontal 

cortex and executive function (Aghajanian and Marek, 2000; Marek et al., 2000; 

Robbins, 2005).  Higgins et al. (2003) have recently reported that M100907 (50 

μg/kg) attenuated the MK-801 (0.03 mg/kg)-induced increase in premature 
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responding in the 5-CSRTT as well as the MK-801-induced increase in response 

rate and leftward shift in the IRT distribution measured in the rats performing under 

a DRL-24 schedule.  Although similar conceptually to the DRL 24-s schedule, the 

DRL 72-s behavior performed in the present studies requires the animal to 

withhold responding for duration three times as long as the DRL-24.  Previously, 

DRL 9-s or DRL 18-s schedules have shown a limited capacity to detect 

behavioral effects that are characteristic of most antidepressant drugs on the DRL 

72-s schedule (McGuire and Seiden, 1980b; McGuire and Seiden, 1980a; 

O'Donnell and Seiden, 1983).   

Similar to the above results with MK-801 in the DRL-24 s schedule, both 

systemic and direct, local administration of M100907 into the medial prefrontal 

cortex (mPFC) antagonizes the disruptive effect of intra-mPFC infusions of the 

competitive NMDA receptor antagonist (R)-CPP in the 5-CSRTT.  The 5-CSRTT 

like  DRL behavior measures aspects of temporal response inhibition as well as 

attention (Ceglia et al., 2004).  This selective 5-HT2A receptor antagonist 

(M100907) blocks the effects of systemic MK-801 on the 5-CSRTT (Higgins et al., 

2003).  M100907 has also been shown to block the effects of NMDA antagonists 

on pre-pulse inhibition and locomotor hyperactivity (Martin et al., 1997; Varty et al., 

1999).  In the clinic, 5-HT2A receptor antagonists such as M100907 and SR46349B 

(e.g., eplivanserin) have been found to have modest antipsychotic effects 

intermediate between placebo and haloperidol (Marder, 1999; Meltzer et al., 

2004). 
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 Though the mechanism through which M100907 attenuates the effects of 

NMDA receptor blockade effects is unknown, microdialysis studies have 

suggested that CPP increased extracellular glutamate in the mPFC.  M100907 

blocked the CPP-induced increase in extracellular glutamate by both systemic (40 

μg/kg) and intracortical (0.1μM) administration of M100907 (Ceglia et al., 2004).   

It has not, however, been directly shown that this mechanism is involved in the 

behavioral effects of M100907.  Furthermore, M100907 did not block the increase 

in cortical glutamate caused by the NMDA receptor antagonist phencyclididne 

(PCP) in one study under conditions where M100907 also did not block PCP-

induced hyperactivity (Adams and Moghaddam, 2001) .  Thus, the increase in 

mPFC extracellular glutamate induced by some NMDA receptor antagonists may 

not generalize to all NMDA receptor antagonists (Varty et al., 1999).  However, the 

ability to detect synaptic modulation of glutamate with in vivo dialysis remains in 

question (van der Zeyden et al., 2007). Therefore, refinement of glutamate 

biosensors may be required to address this question. 

  In contrast to the disruptive effect of MK-801 on response inhibition, the 

tricyclic antidepressant desipramine and the monoamine oxidase inhibitor 

tranylcypromine, both facilitate withholding responses in the DRL 72-s schedule as 

demonstrated by a decrease in response rate, increase in reinforcement rate and 

rightward shift in the IRT curve.  Since antidepressants produce opposing effects 

to MK-801 in the DRL 72-s, these compounds were used to investigate whether 

the effect of M100907 on MK-801 induced behavior would generalize to other 

pharmacological mechanisms and behavioral effects.   
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 We report for the first time that M100907 enhances the reinforcement rate 

increasing effect of the antidepressants desipramine (2.5mg/kg) and 

tranylcypromine (1.25mg/kg).  These findings are an important extension of our 

previous findings that M100907 (6.25 μg/kg-12.5 μg/kg) enhanced the 

antidepressant-like behavioral effects of the SSRI fluoxetine (2.5-5mg/kg; (Marek 

et al., 2005).  Although the mechanism for the fluoxetine-M100907 interactions are 

unclear, in vivo microdialysis revealed that a low dose of M100907(12.5 μg/kg) 

combined with fluoxetine (5 mg/kg) did not elevate extracellular 5-HT levels in the 

PFC over those observed with fluoxetine alone (5mg/kg).  This observation is 

consistent with a pharmacodynamic, rather than a pharmacokinetic mechanism.  

We have not observed pharmacokinetic interactions between M100907 and either 

DMI or MK-801.  This previous study with fluoxetine, combined with the present 

studies involving desipramine and tranylcypromine, suggest that M100907 can 

further optimize antidepressant-like behavioral effects originating from various 

pharmacological mechanisms.  This has potentially important implications for the 

diverse psychiatric syndromes that are alleviated in part by antidepressant 

treatment and suggests further efficacy may be obtained by combining these 

treatments with blockade of 5-HT2A receptors.   In support of this idea a number of 

placebo controlled trials have found that addition of drugs which share a common 

pharmacological action of 5-HT2 receptor blockade (e.g., mianserin, mirtazapine 

and olanzapine) appear to enhance the antidepressant efficacy of SSRIs (Marek 

et al., 2003).  Additionally, several open-label reports have further suggested that 

low doses of the atypical antipsychotic drug  risperidone (0.5-1 mg/day), which 
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shows ~ 30-fold 5-HT2A vs. 5-HT2C selectivity, results in a rapid augmentation of 

SSRIs in refractory depressed patients (O'Connor and Silver, 1998; Ostroff and 

Nelson, 1999; Hirose and Ashby, 2002).   

In conclusion, we have demonstrated that blockade of 5-HT2A receptors 

with M100907 optimizes response inhibition modulated by both glutamatergic and 

monoaminergic mechanisms, and across both low and high baseline levels of 

response inhibition respectively.  Such dynamic and diverse modulation of 

response inhibition, as measured with DRL behavior, by M100907 suggests an 

important role of 5-HT2A receptors in the regulation of motor impulsivity.  Future 

studies should more closely investigate the neuroanatomical circuits that 

potentially underlie the 5-HT2A receptor antagonist-drug interactions reported here.  

Understanding the manner in which monoamine-glutamate interactions occur in 

important limbic circuitry may lead to improved approaches to further decreasing 

the rates of suicide, which have been in a downward trend since the widespread 

use of SSRIs (Gibbons et al., 2005). 
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Legends for Figures 

Fig. 1.  M100907 blocks the disruptive effect of MK-801 on DRL 72-s behavior.  

(Top panel) The 0.18 mg/kg dose of MK-801 significantly decreases reinforcers.  

M100907 dose-dependently blocks the MK-801 induced disruption so that the 

10(p>0.05) and 100 μg/kg (p>0.05) dose of M100907 are not significantly different 

from vehicle (n=10).  The mean reinforcement rate (+ SEM) was 14.1 (+1.6) while 

the mean total response rate (+ SEM) was 64.0 (+ 2.0) for the vehicle condition.  

The mean number of reinforcers or responses for an independent vehicle 

condition are shown in parentheses in the legend.  (Bottom Panel)  The leftward 

shift in the modulation of the cumulative IRT distribution by MK-801 is blocked by 

M100907.  Kolmogorov-Smirnov analyses demonstrates that the distribution curve 

of MK-801 combined with vehicle is significantly different from MK-801 combined 

with 1, 10, and 100 μg/kg M100907 doses (p<0.001).*p<0.05 compared to vehicle 

treatment. 

 

Fig. 2.  Antidepressant-like effects of M100907 on DRL 72-s behavior.  Figure 2 

(Top panel) shows a dose-dependent increase in the number of reinforcers 

obtained with significant effects at the 25, 50, and 100 µg/kg doses (n=8).  The 

mean reinforcement rate (+ SEM) was 7.8 (+2.2) while the mean total response 

rate (+ SEM) was 80.6 (+ 3.9) for the vehicle condition.  Significant decreases in 

the total response rate was also observed at the 25 and 100 µg/kg doses.  The 
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mean number of reinforcers or responses for the vehicle condition are shown in 

parentheses in the legend.  Figure 2 (bottom panel) shows a modest rightward 

shift in the interresponse time distributions (IRTs) for M100907 especially at the 25 

and 100 μg/kg doses.  Kolmogorov-Smirnov analysis demonstrates that the 

vehicle IRT curve is significantly different from M100907 at the 25 and 100 µg/kg 

doses (p<0.001). 

 

Fig. 3. M100907 enhances the antidepressant-like action of desipramine in rats 

performing under a DRL 72-s schedule.  Figure 3 (Top panel) shows the dose-

dependent increase in number of reinforcers obtained, which was significant for 

only the 2.5 mg/kg DMI dose combined with vehicle (n=8).  When M100907 (6.25 

μg/kg) was combined with DMI, each DMI dose (0.62, 1.25 and 2.5 mg/kg) 

increased the number of reinforcers obtained.  A similar pattern occurred for the 

total response rate except a significant difference between 2.5 mg/kg DMI/veh and 

2.5 mg/kg DMI/M100907 was present only for the reinforcement rate.  The mean 

reinforcement rate (+ SEM) was 12.3 (+2.7) while the mean total response rate (+ 

SEM) was 83.3 (+ 5.9) for the vehicle-vehicle condition.  The mean number of 

reinforcers or responses for the vehicle condition are shown in parentheses in the 

legend  The bottom panel shows the rightward shift in the IRT distribution for DMI 

(2.5 mg/kg) which was further enhanced by M100907 (6.25 μg/kg) at a dose which 

did not have a significant effect alone. Each point is the mean + SEM for 8 rats.  

*p<0.05; ** p<0.01; *** p<0.001. 
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Fig. 4.  M100907 further enhances the antidepressant-like effect of 

tranylcypromine.  Tranylcypromine dose-dependently increases reinforcements 

and decreases responses.  M100907  (6.25 μg/kg) further enhances this 

antidepressant-like effect.  Each point is the mean + SEM for 8 rats.  The mean 

reinforcement rate (+ SEM) was 7.8 (+2.3) while the mean total response rate (+ 

SEM) was 81.4 (+ 4.1) for the vehicle-vehicle condition.  The mean number of 

reinforcers or responses, respectively, is shown in parentheses for the vehicle-

vehicle.  *p<0.05, **p<0.01, ***p<0.001 compared to respective vehicle and # 

p<0.001 compared to respective dose of tranylcypromine alone.   
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Table 1.  Concentration in the rat prefrontal cortex of MK-801, DMI and M100907 alone 
and for drug combination experiments 
 

Drug (mg/kg)    MK-801 (ng/g) 
           (n) 

      DMI (ng/g) 
          (n) 

   M100907 (ng/g) 
           (n) 

MK-801 (0.18 mg/kg)    107.0 + 40.16 
           (6) 

            -     10.97 + 0.6212 
            (4) 

DMI (2.5 mg/kg) -     999.4 + 151.8 
           (2) 

    11.50 + 4.300 
            (2) 

M100907 (30 μg/kg)    103.7 + 12.95 
           (6) 

   679.1 + 39.50 
           (2) 

      7.503 + 1.027 
            (6) 
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