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Abstract

Mice deficient in monoamine oxidase A have previously been shown to demonstrate a chronic

elevation of serotonin and norepinephrine in the brain. Using the autoradiographic [14C]iodo-

antipyrine method, we examined cerebral cortical blood flow in conscious, restrained four- to five-

month-old knock-out and wild-type animals following the intraperitoneal administration of either

saline or D-fenfluramine. Knock-out animals administered saline, compared to their wild-type

counterparts, demonstrated a significantly higher regional cortical blood flow in somatosensory

and barrel field neocortex, an area which previous histological studies have shown to be

characterized by abnormal serotonergic projection fibers and absent barrel formation. Regional

cortical blood flow was significantly lower in knock-out than in wild-type mice in the entorhinal

and midline motor cortex, with non-significant decreases noted in the olfactory, piriform and

retrosplenial cortices and the amygdala. We compared the above findings to those obtained in

response to D-fenfluramine which, in conjunction with its metabolite D-norfenfluramine, results in

acute elevations of brain levels of serotonin and norepinephrine. Administration of D-fenfluramine

(21.2 mg/kg) resulted in changes in regional cortical perfusion in most brain regions of both
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knock-out and wild-type mice that were opposite to the genotypic differences seen in perfusion in

response to saline. Fenfluramine significantly increased regional cortical blood flow in the

allocortex (olfactory, piriform, entorhinal) and the amygdala, and significantly decreased regional

cortical blood flow in the somatosensory, barrel field, midline motor and retrosplenial cortices.

Changes in regional perfusion in response to fenfluramine were topographically equivalent in

knock-out and wild-type mice, although in knock-out mice such changes were of greater

magnitude.

Our study suggests that the effects on regional cortical blood flow of a lifelong absence of

monoamine oxidase A, and the consequent chronic increase in serotonin and norepinephrine,

differ from those attributable to acute increases in these neurotransmitters following fenfluramine

administration. Such a differential response may reflect neurodevelopmental abnormalities and/or

effects of a chronic physiological adaptation on the regulation of cortical activation.

Keywords

cerebral blood flow; monoamine oxidase; serotonin; norepinephrine; fenfluramine; iodo-
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Serotonin (5-HT) and norepinephrine (NE) are key determinants of neural activity in the

brain. Identification of the in vivo site of action of 5-HT and NE has been complicated by

the existence of the blood–brain barrier, which excludes these neurotransmitters from the

CNS following systemic administration.28 The basis of this exclusion is largely the result of

enzymatic degradation by monoamine oxidase A (MAO-A), whose presence in the blood–

brain barrier, as well as in the brain itself, plays a central role in regulating levels of these

neurotransmitters. Pharmacological inhibition of enzymatic degradation by MAO inhibitors

is of widespread clinical use, but possible non-specific effects3,20,29 complicate the

interpretation of studies using these agents.

The availability of mice with a genetic deficit of MAO-A5 affords the opportunity to test the

localization of action of an excess of 5-HT and NE within the CNS using functional imaging

techniques. In these techniques, changes in regional cerebral blood flow or metabolism are

used as surrogate measures of neuronal activity, to which they are tightly coupled. Cerebral

blood flow has been used in the present experiments to image function because it has

considerably better time resolution than 2-deoxyglucose uptake, and is the variable used in

human cerebral functional imaging by H2 15O positron emission tomography and functional

magnetic resonance imaging. We examined cortical blood flow (CBF) measured with the

autoradiographic [14C]iodo-antipyrine method in MAO-A knock-out mice, which

demonstrate an elevation of 5-HT and NE levels in brain.5 Comparison to wild-type controls

allowed examination of genotypic differences in cerebral activation resulting from the

chronic elevations of these neurotransmitters. We also analysed the acute effect of

administration of D-fenfluramine on the cortical activation patterns of knock-out and wild-

type mice. D-Fenflur-amine and its metabolite D-norfenfluramine cause an acute release in

the brain of 5-HT and to a lesser extent NE,4,31,38 with potent effects on the firing of both

serotonergic and noradrenergic fibers.35 Administration of D-fenfluramine allowed

examination of the acute pharmacological effects of 5-HT and NE on cortical activity, and
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evaluation of the differential activity patterns in response to chronic versus acute elevations

of 5-HT and NE.

EXPERIMENTAL PROCEDURES

Animals

Our experiment employed adult, male MAO-A-deficient mice (knock-out, KO) and wild-

type animals (WILD) of C3H/HeJ genetic background.5 Animals represented offspring of

heterozygous knockout females of C3H/HeJ background that were backcrossed over 12

generations with C3H wild-type males. All efforts were made to minimize the number of

animals used and their suffering, and all procedures performed were reviewed and approved

by the Animal Care and Use Committee at the Veterans Administration West Los Angeles

Health Care Center. At the end of the experiment, the genotypes of the mice were re-

confirmed using a polymerase chain reaction analysis of DNA prepared from tails.5

Fenfluramine dose

Administration of D-fenfluramine in mice results in rapid peak levels in the brain of the

parent compound, as well as its D-norfenfluramine metabolite.4 The acute effect of these

compounds is an immediate increase in brain levels of 5-HT and NE, which peaks at 30–90

min and is thought to result from mechanisms of presynaptic release and reuptake

inhibition.21,36,38 D-Fenfluramine preferentially affects serotonergic transmission, whereas

its metabolite preferentially affects noradrenergic transmission,35 although at high doses this

specificity is likely to be lost.39

Fenfluramine is well known to elicit a behavioral syndrome in rats and mice, characterized

by tremor, rigidity, Straub tail (tail held upwards and erect), hindlimb abduction, lateral head

weaving and reciprocal forepaw treading.17,42,51 Dose-related induction of this syndrome

with fenfluramine has been used as a measure of neuronal activation of the central

serotonergic system. We reasoned that a dose of fenfluramine sufficient to elicit a behavioral

change in mice would likely be associated with changes in cortical activity patterns. A dose

(ED50) sufficient to elicit characteristic behavioral changes in 50% of wild-type and knock-

out mice was estimated by administering a single intraperitoneal injection of D-fenfluramine

(Research Biochemicals International, Natick, MA) in 0.9% aqueous saline (0.2 ml), with

dosage increments between animals defined by the up-and-down method for small samples.9

Animals (KO: 5.00 ± 0.00 weeks old, 18.70 ± 1.16 g body mass, n = 6; WILD: 5.00 ± 0.00

weeks old, 20.02 ± 0.59 g body mass, n = 6; mean ± S.E.M.) were recorded on video over

30 min in a round Plexiglas™ arena (20 cm high × 35 cm diameter) under natural lighting.

Using the method of scoring described by Trulson et al.,42 the syndrome was considered to

be present if at least four of the above six signs of the 5-HT syndrome were displayed.

Coding of the behaviors was performed using Observer, a software package for the analysis

and management of observational data (Noldus Information Technology, Sterling, VA) by

two independent observers blinded to the mouse genotype and fenfluramine dose (inter-rater

correlation, r = 0.97, P <0.001).
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Assessment of cortical blood flow

Mice used in the CBF experiment were divided into four groups by genotype (KO vs WILD)

and type of infusion [fenfluramine (FEN) vs saline (SAL)]: (1) KO/SAL: 19.63 ± 0.61

weeks old, 27.06 ± 0.92 g body mass, n = 8; (2) KO/FEN: 18.25 ± 1.19 weeks old, 27.99 ±

0.90 g body mass, n = 8; (3) WILD/SAL: 20.63 ± 1.01 weeks old, 28.96 ± 1.56 g body

mass, n = 8; (4) WILD/FEN: 19.46 ± 0.91 weeks old, 30.26 ± 0.98 g body mass, n = 8.

Animals were anesthetized with 1% halothane in 30% oxygen and 70% nitrous oxide, and

received cannulation of the left femoral artery and vein. A 1 h period was allowed for

recovery from anesthesia, while the animal movements were limited by flexible paper

restraints linking the limbs to a padded surface. Rectal temperature was recorded and

maintained at 36.5°C with a BAT-12 thermocouple thermometer connected to a TCAT-1A

temperature controller (Physitemp, Clifton, NJ) and a source of radiant heat. Following

recovery from anesthesia, the source of radiant heat was removed and animals were allowed

to self-regulate their core temperature at an ambient room temperature of 27.0°C. Mean

arterial blood pressure (MABP) and heart rate (HR) were continuously assessed from the

arterial catheter, which was connected to a Statham strain gauge pressure transducer and

polygraph recorder (Model 7B, Grass Instruments, Warwick, RI). Animals of each genotype

received a single intraperitoneal injection of either D-fenfluramine (WILD/FEN: n = 8; KO/

FEN: n = 8) or saline (WILD/SAL: n = 8; KO/SAL: n = 8). A dosage of D-fenfluramine of

21.2 mg/kg (i.p.) was chosen, which corresponded to the estimated ED50 for eliciting the

behavioral 5-HT syndrome in knock-out mice, and would be likely to result in a differential

drug response between the genotypes. Assessment of CBF occurred 40 min thereafter.

Immediately prior to implementing the CBF technique, arterial blood gases and pH were

assessed from an arterial blood sample (70 μl) in an ABL-70 blood acid–base system

(Radiometer America Inc., West Lake, OH). Assessment of CBF was made as described

previously15,33 with a modification of the indicator fractionation method using [14C]iodo-

antipyrine.12 Animals received a continuous intravenous infusion over 10 s of 180 μl saline

containing 270 μCi/kg body weight of [14C]iodo-antipyrine (American Radiolabeled

Chemicals, St. Louis, MO) administered by a motor-driven syringe pump, at the end of

which the animal was immediately decapitated. Simultaneously with infusion, arterial blood

was continuously withdrawn from a femoral catheter at a rate of 15 μl/s until decapitation.

This procedure was adopted to balance the infusion and withdrawal of fluids, and avoid

sudden changes in arterial volume and pressure given the small blood volume of the mouse.

The arterial blood sample was processed for liquid scintillation counting of radioactivity in a

Beckman LS8100 liquid scintillation spectrophotometer. Counting efficiency was verified

by internal standardization with [14C]hexadecane.

Autoradiography

The brains were rapidly removed, flash frozen in methylbutane at −70°C, embedded in

OCT™ compound (Miles) and subsequently cut in a cryostat at −16°C in 20-μm-thick

coronal sections. Thirteen coronal sections were selected for each animal at the following

anterior–posterior coordinates (mm) relative to bregma: 1.94, 1.54, 1.18, 0.74, 0.26, −0.34,

−0.82, −1.34, −1.82, −2.46, −2.92, −3.64, −4.24 (positive if rostral to bregma). Sections

were heat-dried on glass slides and exposed for two weeks to Kodak Ektascan films in
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spring-loaded X-ray cassettes along with eight radioactive 14C standards (Amersham, NY).

Images (autoradiographs) of brain sections were digitized with a ChromaPro 45 IAIS

“Dumas” film illumination system and a Phillips charge-coupled device monochrome

imaging module coupled to a Flashpoint 128 digitizing board on a Dell Dimensions XPS

R400 microcomputer. Brain regions of interest were identified using an anatomical atlas of

the mouse brain10 and transcribed to a visual template. Overlay of this template on to the

digitized images allowed measurement of the optical density of locations in the cortical

mantle in a manner invariant between animals. Optical density was measured with Image

Pro-Plus software (Media Cybernetics, Silver Springs, MD).

Data analysis

Quantification of optical density of the autoradiograms and comparison with that induced by

standards of known radioactivity allowed determination of brain tissue 14C activity and

CBF. CBF was calculated from the following equation:12

where Cb = brain tissue 14C activity at time T (decapitation) and Ca = arterial 14C activity.

Integration of the arterial concentration time curve was performed mechanically by

continuous withdrawal of blood from the femoral artery at a constant rate. Measurements of

regional CBF (rCBF) were performed for each animal in 130 cortical regions, distributed in

13 coronal planes. These regions were sampled in both hemispheres and, for the statistical

analysis, the values were averaged for each one.

For every experimental group, means and standard errors of the means (S.E.M.) were

calculated for each region, each slice (all regions in a given slice) and globally (all regions in

all slices). CBF group differences in global averages (average CBF of all regions in each

animal) of WILD/FEN, KO/FEN and KO/SAL versus the control (WILD/SAL) were

assessed by ANOVA and t-tests (unpaired, two-tailed, P <0.05) using the Bonferroni

correction for three contrasts.

Patterns of rCBF distribution were subjected to multivariate analysis. A Z-transformation

was first performed on the CBF data to produce patterns of rCBF. These patterns (Z-maps)

were defined by calculation of the standard normal deviates (Z-scores) defined as:

where Z-Scorei is the standard normal deviate of blood flow at location “i”, CBFi is the

blood flow of location i, and Mean and S.D. are the average and standard deviation of blood

flow at all locations in a given animal. This transformation has been routinely employed in

the analysis of positron emission tomography maps because it introduces minimal

dependence on absolute CBF when the number of locations studied is large, as in the present
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case, and it does not propagate further error.8 Abstraction of the CBF pattern by this

procedure eliminates variations in mean CBF between subjects and experimental groups

created by global effects on vascular smooth muscle and systematic experimental error. This

is an advantage when studying patterns, but it precludes discovery of potential differences in

mean rates. We have consequently performed a univariate analysis of global CBF in

addition to the multivariate analysis of rCBF.

To reduce the blood flow variables (130 cortical locations averaged across hemispheres) to a

smaller set that optimally discriminated among all the experimental groups, Z-scores were

then analysed by stepwise discriminant analysis using the “jacknife” procedure.18 The

discrimination obtained with this analysis is represented in a scatter plot (canonical plot, Fig.

3), with the first canonical variable (the linear combination of variables that best

discriminates among the groups) on the abscissa, and the second canonical variable (the next

best linear combination orthogonal to the first one) on the ordinate. Characteristic profiles,

representing patterns of blood flow that uniquely correspond to each of the canonical

variables, were computed using an approach described in detail elsewhere.34

Z-Score differences were used to reveal the effects of genotype (KO/SAL – WILD/SAL), as

well as the effects of the fenfluramine challenge (KO/FEN – KO/SAL, WILD/FEN –

WILD/SAL). Z-Score differences on the dorsal, lateral and basal cortical surfaces were

displayed as topographical maps. In these two-dimensional maps (Fig. 2), the x- and y-

coordinates are obtained from measures of the anatomical distances within the

autoradiographs. The x-axis represents the distance from the midline (mm) along the cortical

rim, and the y-axis represents distance from bregma (positive if rostral and negative if caudal

to this landmark). To permit easier visual correlation, we superimposed on the topographic

maps the borders among the main cerebral cortical areas as defined in the anatomical atlas of

Franklin and Paxinos.10 The magnitude of the mean rCBF Z-score difference at each

coordinate is coded on a color scale, with positive differences depicted separately from

negative differences for easier visualization. To avoid discontinuities in the graphic

representation, the space between our 13 coronal brain slices and 20 locations within each

slice, where there were no measurements, was filled with values calculated by a standard

linear interpolation.

RESULTS

Serotonin syndrome

Fenfluramine elicited a behavioral syndrome characterized by tremor, rigidity, Straub tail,

hindlimb abduction, lateral head weaving and reciprocal forepaw treading. Knock-out mice

compared to wild-type mice demonstrated a clear increased sensitivity to behavioral

elicitation of the 5-HT syndrome. Estimations of the ED50 for the 5-HT behavioral

syndrome were 21.2 and 44.4 mg/kg in knock-out and wild-type mice, respectively. These

results are consistent with previous reports showing that pretreatment with the MAO

inhibitors pargyline or nialamide decreases the dose of fenfluramine needed to elicit this

syndrome.27,42 To allow for a differential drug response, a dose of 21.2 mg/ml of

fenfluramine was chosen for administration in the CBF experiments.
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Cortical blood flow

Both wild-type and knock-out mice administered saline revealed their highest rCBF Z-scores

in a band of cortex extending from the border of the motor area anteriorly, to the auditory

and secondary visual areas posteriorly, including the somatosensory and barrel field regions

(data not shown). An additional cluster of locations with high rCBF Z-scores was also found

in the olfactory cortex. This topographical pattern is similar to that described previously in

the unanesthetized, restrained mouse.33 A representative autoradiograph depicting rCBF in

two coronal sections is presented in Fig. 1.

Genotypic differences in Z-score maps for animals administered saline (KO/SAL minus

WILD/SAL) are shown in Fig. 2. Knock-out mice, compared to wild-type mice,

demonstrated significantly higher rCBF Z-scores in the barrel field and primary

somatosensory cortex (P <0.05); significantly lower rCBF Z-scores were seen in the midline

anterior secondary motor cortex and entorhinal cortex (P <0.05). Lower rCBF Z-scores were

also seen in the primary motor cortex, visual cortex, olfactory, piriform cortex and the

amygdala, although these did not reach statistical significance.

Pharmacological differences in Z-score maps attributable to fenfluramine are also shown in

Fig. 2. Knock-out mice administered fenfluramine compared to those administered saline

(KO/FEN minus KO/SAL) demonstrated significantly lower rCBF Z-scores in the barrel

field cortex, primary somatosensory cortex (P <0.05), midline primary and secondary motor

cortices (P <0.0001), secondary visual cortex, as well as the auditory and perirhinal cortices

(P <0.05). Lower rCBF was also seen in the secondary somatosensory cortex and primary

visual cortex, and posterior portions of the insular cortex, although these did not reach

statistical significance. CBF Z-scores were significantly higher across the amygdala,

olfactory, piriform and anterior insular cortices (P <0.005). In wild-type mice, the response

to fenfluramine was topographically similar to that seen in knock-out mice, but of lesser

magnitude. Wild-type mice administered fenflur-amine compared to those administered

saline (WILD/FEN minus WILD/SAL) demonstrated significantly lower rCBF Z-scores in

the midline secondary motor cortex (P <0.01), as well as in medial portions of the primary

motor cortex (P <0.05). Non-significant decreases were noted in the barrel field,

somatosensory, entorhinal and primary and secondary visual cortices; non-significant

increases in rCBF Z-scores were seen in the olfactory, piriform, anterior insular and

perirhinal cortices, and the amygdala. Maps of the Z-score differences of KO/FEN minus

WILD/FEN (data not shown) showed positive differences in the allocortex (olfactory,

piriform, entorhinal) and the amygdala, and negative differences in the neocortex, a

topography similar to that seen for the KO/FEN minus KO/SAL comparison.

Z-Maps were studied by stepwise discriminant analysis. This procedure achieved 97%

success in classifying all cases into their respective groups, with data from 10 cortical

locations selected by the discriminant procedure from the original 130 locations (Table 1).

After “jack-knifing”, a procedure that removes from the discriminant function the

contribution of the case being classified, the effectiveness of classification remained at

100% for all animals receiving fenfluramine infusions. Correct classification dropped to
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88% and 75% for KO/SAL and WILD/SAL animals due to overlap among these groups in

three of 16 cases.

The first two canonical variables explained 98% and 91% of the total variation, and they

allowed representation of canonical scores for each case in a single plane (canonical plot,

Fig. 3). Examination of this plot indicates a tight clustering of cases within each group.

Experimental groups receiving fenfluramine were distinct, whereas experimental groups

receiving saline demonstrated a small overlap. The first canonical variable separated mice of

different genotypes (genotype variable), and the second one separated the FEN from the

SAL treatment groups (fenfluramine variable). The separation between genotypes was

reversed after fenfluramine because the acute serotonergic/noradrenergic challenge

differentially affected rCBF in cortical areas in an opposite fashion to that observed

following saline administration.

The displacement of cases along the axes of the canonical plots (Fig. 3) depends on the

values of both the characteristic profiles (Table 1) and the rCBF Z-scores. The right shift of

the KO/SAL animals with respect to the WILD/SAL animals along the axis of the genotype

variable was due to the larger Z-scores in the primary somatosensory cortex, primary and

secondary motor cortices, secondary visual cortex, and auditory cortex (Fig. 2). Smaller Z-

scores in KO/SAL animals with respect to the WILD/SAL animals in the barrel field cortex,

piriform cortex, secondary somatosensory cortex, amygdala and the midline cingulate and

motor cortices reinforced this trend, since characteristic profiles of these regions had a sign

opposite to those of the group mentioned above. The separation of cases along the genotype

variable was reversed and more pronounced after fenfluramine administration (Fig. 3).

The displacement of cases down the fenfluramine variable axis in animals that received this

drug (Fig. 3) was due to their larger CBF Z-scores for the piriform cortex, amygdala and the

transitional area between the cingulate and motor cortices, and their smaller CBF Z-scores

for the barrel field cortex, primary somatosensory cortex, primary and secondary motor

cortices, secondary visual cortex and auditory cortex.

Calculation of the global CBF (ml/g per min) did not reveal any significant genotypic

differences between animals administered saline; there were no significant differences in

global CBF in response to fenfluramine (ml/g per min: WILD/SAL 1.93 ± 0.20, KO/SAL

1.59 ± 0.17, WILD/FEN 1.73 ± 0.25, KO/FEN 1.82 ± 0.12). Likewise, there were no

significant group difference in non-transformed CBF values averaged across each coronal

cortical slice.

Effects on physiological variables

Physiological variables are displayed in Table 2. Prior to infusion of fenfluramine or saline,

knock-out mice demonstrated a significantly lower HR than wild-type mice (b.p.m., mean ±

S.E.M.: KO 405 ± 15, WILD 453 ± 15, P <0.05). Baseline MABP was lower in knock-out

mice than wild-type mice, although differences did not reach statistical significance (mmHg:

KO 68.1 ± 3.7, WILD 75.6 ± 3.2). There were no differences in core temperature during the

baseline temperature-controlled condition (mean: KO 36.5 ± 0.1°C, WILD 36.5 ± 0.2°C).
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Both knock-out and wild-type mice demonstrated a significantly higher HR in response to

fenfluramine than to saline (b.p.m.: KO/FEN 717 ± 36, KO/SAL 420 ± 27, P <0.0001;

WILD/FEN 607 ± 38, WILD/SAL 455 ± 20, P <0.005). The increase in HR in response to

fenfluramine was significantly greater in knock-out animals than in wild-type animals (P

<0.05).

Both knock-out and wild-type mice demonstrated a higher core temperature in response to

fenfluramine than to saline. Differences were significant in knock-out mice but not in wild-

type mice (°C: KO/FEN 39.9 ± 0.2, KO/SAL 36.8 ± 0.1, P <0.0001; WILD/FEN 37.9 ± 0.5,

WILD/SAL 36.9 ± 0.1). The increase in core temperature in response to fenfluramine was

significantly greater in knock-out animals than in wild-type animals (P <0.01).

Administration of fenfluramine resulted in MABP increases. These were apparent at 5 min

and reached plateau levels at 10–15 min following i.p. injection. Fenfluramine compared to

saline administration resulted in significantly greater MABP in knock-out mice (mmHg:

KO/FEN 86.8 ± 6.8, KO/SAL 66.1 ± 6.7, P <0.005), as well as in wild-type mice (mmHg:

WILD/FEN 92.4 ± 4.8, WILD/SAL 68.5 ± 5.2, P <0.05). Increases were equivalent, with no

significant genotypic differences. In response to saline infusion, knock-out and wild-type

mice showed no significant change in core temperature, HR or MABP. A significant

correlation was noted between HR and core temperature (KO: r = 0.91; WILD: r = 0.63; P

<0.001), as well as between HR and MABP (KO: r = 0.64; WILD: r = 0.56; P <0.005).

Although blood p CO2 was lower in knock-out mice receiving fenfluramine compared to

knock-out mice receiving saline (mmHg: KO/FEN 36.9 ± 2.4, KO/SAL 44.25 ± 2.1, P

<0.05), no significant change in blood pH was found. The same trend was observed in wild-

type mice, although with no statistical significance (mmHg: WILD/FEN 40.0 ± 3.5,

WILD/SAL 42.9 ± 1.4). No trends were observed when CBF was plotted as a function of

blood p CO2.

DISCUSSION

Our study suggests that the effects on regional cortical blood flow of a lifelong absence of

MAO-A, and the consequent chronic increases in 5-HT and NE, differ from those

attributable to acute increases in these neurotransmitters following fenfluramine

administration. Knock-out mice administered saline compared to their wild-type

counterparts demonstrated a decreased rCBF in the allocortex (piriform, olfactory,

entorhinal), visual, midline motor and retrosplenial cortices, and the amygdala; rCBF was

higher in the barrel field and in primary and secondary somatosensory cortices. Several

possible explanations present themselves to account for such genotypic differences.

Differences in regional cortical perfusion between wild-type and knock-out mice may reflect

underlying differences in the regional concentrations of 5-HT and/or NE, which are

chronically elevated in the brains of adult knock-out mice.5 Interestingly, the topography of

serotonergic, cortical projection fibers from the dorsal raphe nucleus parallels some of the

genotypic differences in regional cortical perfusion of animals administered saline. Dorsal

raphe neurons project densely to lateral cortical structures (piriform/entorhinal cortex), the

amygdala and regions in the medial frontal cortex, with more sparing innervation of
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sensorimotor areas.44 In contrast, locus coeruleus neurons, the primary source of cortically

projecting noradrenergic fibers, project broadly across the cortex, including the sensorimotor

area.47,48 Differences in perfusion patterns may also reflect neurodevelopmental

abnormalities in the knockout animals in whom excess 5-HT disrupts the segregation of

somatosensory thalamocortical afferents.6 In the cortex, knock-out mice demonstrate a

complete absence of the barrel field formation, and similar alterations are caused by

pharmacological inhibition of MAO-A in developing wild-type animals.45 Genotypic

differences in basal rCBF may also reflect a physiological adaptive response in the knockout

animals. Such responses have been increasingly described in a number of genetic mutant

mice.7,16,30,43 One may speculate that, in our study, knock-out animals vulnerable to

excessive synaptic concentrations of 5-HT may chronically down-regulate the responsivity

of serotonergic circuits in order to maintain physiological homeostasis. This is consistent

with the observation that knock-out mice, compared to wild-type mice, show decreases in

the brain of the 5-HT1A, 5-HT2A and 5-HT2C receptors, as well as the vesicular mono-amine

transporter.37

Acute increases in 5-HT and NE in response to fenflur-amine were associated with a distinct

pattern of rCBF in both wild-type and knock-out mice, whose topography was largely the

opposite of that associated with the chronic increase in these neurotransmitters seen

characteristically in knock-out mice at baseline. Animals administered fenfluramine

compared to those administered saline demonstrated lower rCBF in the barrel field and

somatosensory cortices, whereas higher rCBF was noted in the piriform, olfactory and

entorhinal cortices and the amygdala. Changes in rCBF to fenfluramine were

topographically identical across genotypes. As expected, the response in wild-type mice was

of a lesser magnitude than that seen in knock-out mice, presumably because wild-type mice,

owing to the presence of MAO-A, respond to fenfluramine with smaller increases of 5-HT

and NE.

Previous work in rats and humans has demonstrated changes in cerebral metabolism

following acute administration of fenfluramine19,24 or serotonergic agents such as

citalopram.26 In these studies, cerebral metabolism and rCBF were closely correlated, and

the authors concluded that their results did not support the notion of a direct serotonergic

effect on the vascular supply. Although our study did not examine cerebral metabolism, the

above suggests that any putative changes in the underlying cerebral metabolism of wild-type

and knock-out mice in response to fenfluramine are likely to follow a topography similar to

that observed for rCBF, although genotypic differences in the magnitude of this response

may remain.

Brain noradrenergic and serotonergic neurotransmission is characterized by subsystem

heterogeneity, multiple receptors and interactions with other neurotransmitter systems. Such

factors have contributed to substantial gaps remaining regarding aspects of the anatomy and

physiology of these neurotransmitters. It has been suggested that, in the somatosensory

cortex, endogenously released 5-HT and NE may exert complementary modulatory-type

actions on neuronal responsiveness,49 as well as differential effects on excitatory post-

synaptic current frequency in the motor cortex.25 The design of our study does not allow

discrimination of whether our observed changes are the result of elevations of 5-HT and/or
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NE, or whether changes in rCBF may be linked to a secondary effect, for instance, an

indirect 5-HT/dopamine interaction.14,32,40,46

MAO-A-deficient mice demonstrated an rCBF topography different to that reported

previously in mice deficient in MAO-B.33 MAO-B-deficient mice (C57Bl-6/129-Sv genetic

background), compared to their wild-type counterparts, show characteristic increases in

brain levels of phenylethylamine with normal levels of 5-HT and NE. MAO-B-deficient

mice compared to wild-type mice demonstrate greater rCBF in the midline motor cortex and

medial portions of the somatosensory and visual cortices. Lower rCBF is seen in the

piriform cortex and anterolateral frontal cortex (including primary motor, primary

somatosensory and anterior portions of the insular cortex). Interestingly, acute

administration of phenylethylamine, the specific substrate of MAO-B, also results in a

reversal of the baseline rCBF topography. Here again, an acute infusion of the enzyme

substrate results in a cerebrovascular perfusion pattern opposite to that seen in animals with

a lifelong absence of the enzyme and chronic elevations of the substrate.13

Fenfluramine administration resulted in a modest elevation of MABP in both knock-out

mice and wild-type mice. The pressor response to fenfluramine was within the

autoregulation limits of CBF, and thus was not expected to induce changes in this variable.

This was confirmed by observation of a plot of CBF as a function of blood pressure (not

shown), which revealed no trends on CBF within the observed range of pressures.

Correlation of the pressure measure with that of HR suggests that the rise in MABP in

response to fenfluramine may, at least in part, have been attributable to increases in HR.

At baseline prior to infusion, knock-out mice demonstrated a lower HR than wild-type mice,

suggesting a change in sympathetic/parasympathetic tone in the animals deficient in MAO-

A. Fenfluramine administration resulted in an increase in HR in both groups, although this

effect was magnified significantly in knock-out animals. Our results are consistent with

previous observations documenting a dose-related increase in HR in response to acute

administration of fenfluramine,1,2,11 an effect which is exaggerated in animals pretreated

with the MAO inhibitor pargyline.41 Fenfluramine administration resulted in an increase in

core temperature in both knock-out and wild-type mice, an effect which was significantly

more prominent in knock-out animals. The hyperthermic effects in response to fenfluramine

observed in the present experiments have been reported previously in mice.22,23,50 The fact

that tachycardia and hyperthermia were accentuated in knock-out compared to wild-type

mice suggests the possibility of MAO-A as a limiting factor for the expression of these

phenomena. The enhancement of HR observed in both experimental groups in response to

fenfluramine may have been due, at least in part, to hyperthermia, as these two variables

were significantly correlated.

CONCLUSIONS

Our work suggests a reorganization of rCBF maps in mice lacking the MAO-A gene. In

these animals, rCBF at baseline appears to follow a pattern largely opposite to that observed

in response to acute fenfluramine administration. Further work is needed to clarify whether

such a differential blood flow response associated with chronic versus acute elevations of 5-
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HT and NE is the result of an adaptational physiological/metabolic response to a lifelong

absence of MAO-A.
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Fig. 1.
Representative [14C]iodo-antipyrine autoradiographs of a wild-type mouse at the level of the

caudate–putamen (left) and hippocampus (right). Optical densities reflect variations in

rCBF.
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Fig. 2.
Maps of the color-coded Z-score differences on the two-dimensional topographic surface of

the flattened cortex. The x-axis (Locations) represents lateral distance from the midline (in

mm). The y-axis (Slices) represents coronal slices, numbered from rostral to caudal, with

distance to bregma as labeled above (positive values being rostral to this landmark). A,

amygdaloid; AU, auditory; BF, barrel field; EC, ectorhinal; ENT, entorhinal; I, insular; M1,

primary motor; M2/C, secondary motor and cingulate; O, olfactory; PI, piriform; PR,

perirhinal; RSA, retrosplenial; S1, primary somatosensory; S2, secondary somatosensory;

V2, secondary visual; WILD/SAL, wild-type mice receiving saline; WILD/FEN, wild-type

mice receiving D-fenfluramine; KOA/SAL, knock-out mice receiving saline; KOA/FEN,

knock-out mice receiving D-fenfluramine.
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Fig. 3.
Canonical plots. Depicted are the two first canonical variables providing discrimination

between the relative CBF (Z-scores) of knock-out (KO) and wild-type (WILD) mice

(genotype variable), as well as by infusion type [fenfluramine (FEN) or saline (SAL)] for

both knock-out and wild-type mice (fenfluramine variable).
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Table 1

Characteristic profiles for the first two canonical variables

Region Genotype variable Fenfluramine variable

A −0.03 −0.12

AU 0.05 0.08

BF −0.01 0.05

M1 0.07 0.20

M2 0.02 0.19

M2/C −0.06 −0.18

PI −0.05 −0.07

S1 0.07 0.09

S2 −0.01 −0.02

V2 0.04 0.03

A, amygdaloid; AU, auditory; BF, barrel field; M1, primary motor; M2, secondary motor; M2/C, transitional cortex M2 and cingulate; PI, piriform;
S1, primary somatosensory; S2, secondary somatosensory; V2, secondary visual.
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