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seems likely that these sampling differences account for the observed difference
in the strength of correlations revealed by the two measures.
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THE dendrites of mammalian pyramidal neurons contain a rich
collection of active conductances that can support Na* and Ca*"
action potentials (for a review see ref. 1). The presence, site of
initiation, and direction of propagation of Na* and Ca*" action
potentials are, however, controversial’, and seem to be sensitive
to resting membrane potential, ionic composition, and degree of
channel inactivation, and depend on the intensity and pattern of
synaptic stimulation. This makes it difficult to extrapolate from
in vitro experiments to the situation in the intact brain. Here we
show that two-photon excitation laser scanning microscopy’ can
penetrate the highly scattering tissue of the intact brain. We used
this property to measure sensory stimulus-induced dendritic
[Ca?*] dynamics of layer 2/3 pyramidal neurons of the rat
primary vibrissa (Sm1l) cortex in vivo. Simultaneous recordings
of intracellular voltage and dendritic [Ca’**] dynamics during
whisker stimulation or current injection showed increases in
[Ca’"] only in coincidence with Na® action potentials. The
amplitude of these [Ca’'] transients at a given location was
approximately proportional to the number of Na* action poten-
tials in a short burst. The amplitude for a given number of action
potentials was greatest in the proximal apical dendrite and
declined steeply with increasing distance from the soma, with
little Ca>" accumulation in the most distal branches, in layer 1.

* Present address: Department of Physics 0319, University of California, La Jolla, California 92093, USA.
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This suggests that widespread Ca>" action potentials were not
generated, and any significant [Ca**] increase depends on
somatically triggered Na* action potentials.

Although in vivo experiments provided some of the first evi-
dence for active currents in dendrites’, most of our understanding
of the presence and role of these dendritic currents comes from in
vitro brain-slice experiments using electrophysiological recording
and optical imaging of [Ca®"]. Such experiments have provided
increasing evidence that Na* action potentials can, under appro-
priate conditions, propagate centrifugally into the dendritic tree
of cortical pyramidal neurons®. Because these action potentials
open voltage-dependent Ca®" channels®® and modulate voltage-
dependent synaptic currents’, they could be important in the
control of long-term synaptic plasticity. Brain-slice experiments
have also demonstrated Ca®* action potentials in pyramidal cell
dendrites'™" associated with very large dendritic Ca** accumula-
tions®'2. However, dendritic excitability is strongly affected by a
variety of biophysical parameters, such as ionic composition'.
Furthermore, the site of dendritic action-potential initiation
depends on the strength of synaptic excitation®*, and the activa-
tion of voltage-dependent conductances can be modulated by
inhibitory synaptic inputs®"7. This implies that it is difficult to
extrapolate from in vitro experiments to the intact nervous system.
Thus understanding the presence and biological function of active
dendritic currents requires measurements of membrane voltages'®
and dendritic ion dynamics in the intact nervous system in
response to behaviourally relevant stimuli.

We measured [Ca?"] dynamics in neocortical neurons of anaes-
thetized rats by using a two-photon laser scanning microscope
(TPLSM)® that allows imaging while the membrane potential is
recorded using a microelectrode (Fig. 1a). In our TPLSM, two
infrared photons produced by a mode-locked pulsed laser are
simultaneously absorbed to excite fluorophores that normally
absorb at visible wavelengths, with an absorption rate propor-
tional to the square of the incident light intensity. Two-photon
excitation was important for this experiment for several reasons®.
First, infrared excitation provides greater depth penetration into
the cortex than does visible light. Second, excitation is localized to
the focal region (excitation volume ~1pm?®), providing three-
dimensional optical sectioning and resolution equivalent to that
of a confocal microscope without any loss of fluorescence light due
to a detector pinhole, resulting in much reduced phototoxicity and
photobleaching. Regular spiking® pyramidal cells in layer 2/3 of
the primary vibrissa cortex (Sml) were penetrated with sharp
microelectrodes, and were iontophoretically filled with calcium
green-1 (Fig. 1b). Dendrites were clearly resolved down to 500 pm
below the pial surface, and three-dimensional cell morphology
and location of electrode penetration could be reconstructed from
stacks of images acquired at different depths (Fig. 1¢). For [Ca®']
measurements at selected locations with high temporal resolution,
line-scan mode was used’.

Trains of whisker deflections (5 Hz, 2 s) produced a sequence of
electrical events consisting of slow depolarizations, during which
one, two or no Na* action potentials occurred (Fig. 1d—f). All slow
depolarizations with Na* action potentials were quite large with
low amplitude variability (Fig. le, f), whereas most that did not
contain Na* action potentials were smaller and more variable in
amplitude. The largest slow depolarizations ranged from 10 mV
when recorded in the soma, to 40 mV when recorded in dendrites.
Although they resembled large excitatory postsynaptic poten-
tials’’, the uniformity of slow depolarizations associated with
Na* action potentials also suggests that regenerative voltage-
dependent conductances are involved. Simultaneous microelec-
trode measurements of membrane potential and fluorescence
measurements of calcium indicator-filled dendrites (n = 49)
revealed [Ca”*] transients that occurred in one-to-one correspon-
dence with Na* action-potential bursts, with more action poten-
tials leading to larger [Ca**] transients (Fig. 1d-f, arrows). The
transients had fast rise times (~2ms) and short decay-time
constants (< 100 ms).
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To examine the possibility that Ca’* current-mediated regen-

erative events are responsible for the uniformity of slow depolar-
izations, we examined more closely the [Ca’'] transient
timecourse and the dependence of the [Ca®*] transient size on
the number of action potentials contained in bursts produced by
whisker stimulation and depolarizing current pulses. In the prox-
imal dendrites, most of the [Ca**] rise occurred within about 2 ms
(the instrumental time resolution), and was coincident with the
time of the Na® action potential, instead of rising gradually
throughout the course of the underlying slow event (Fig. 2a—f),
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FIG. 1 In vivo two-photon excitation laser scanning
microscopy (TPLSM) combined with sharp microelec-
trode recording in the primary vibrissa cortex of anaes-
thetized rats. a, Schematic representation of the
experimental set-up, and b, representation of the record-
ing and imaging geometry (neither to scale). ¢, Three-
dimensional reconstruction of a layer 2/3 pyramidal
neuron (projections onto the x-z (top) and x-y
(bottom) planes; stack consists of 110 sections,
512 x 512 pixels each, acquired with 2-um spacing).
In the x—z projection the surface of the cortex is towards
the top. d-f, Cellular responses to whisker stimulation for
three representative cells. Left, recordings including one
entire stimulus train; right, expanded views of sections
indicated by grey bars. Action potentials (lower traces)
were associated with dendritic [Ca*] transients (upper
traces), with two action potentials (black arrows) produ-
cing larger [Ca®*] transients. A spontaneous burst con-
taining four action potentials (e, grey arrow), produced a
still larger [Ca?*] transient. Whisker stimulus trains are
shown at the bottom. Fluorescence was measured
150 um above the soma and 290 um below the pia
(d), 60 um above the soma and 170 um below the pia
(e), and 82 um above the soma and 240 um below the
pia (f).
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aswould be expected for a Ca** action potential®'%. The size of the
[Ca**] transient closely followed the number of spikes in a burst
(Fig. 2g—i), which is similar to observations in CA1 cells in vitro®.
No significant influx occurred during large-amplitude slow depo-
larizations without Na* action potentials (Fig. 2a) or subthreshold
depolarizing current pulses (Fig. 2d). Injection of hyperpolarizing
current during whisker stimulation (n = 5) both increased the size
of the slow depolarizations and also the fraction without Na*
action potentials. Slow depolarizations without Na™* action poten-
tials, were still not accompanied by measurable [Ca’*] transients
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FIG. 2 Representative membrane-potential recordings (lower traces) and
spike-triggered averages of [Ca®*] transient amplitude (upper traces;
symbol spacing, 2 ms) in vivo. [Ca**] transient and corresponding mem-
brane potential in response to whisker stimulation (a—c) and current
injection (d-f) evoking zero (a, n = 49; d, n = 22), one (b, n = 76; e,
n = 27),ortwo (c, n = 57;f, n = 28) action potentials. In c and f averaging
was triggered on the second action potential of the pair. g—i, Plots of peak
[Ca?*] transient as a function of action-potential number (open circles,
whisker stimulation; filled circles, current injection stimulation). g, Apical
dendrite (82 um above the soma, 240 um below the pia. h, Apical dendrite
(150 pm above the soma, 290 um below the pia). i, Basal dendrite (20 pm
below the soma, 180 um below the pia).
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FIG. 3 Effects of QX-314 on electrogenesis in vivo (a, b) and in vitro (c, d).
a, Dendritic [Ca?*] transient (top) and electrical response (middie) to
whisker stimulation (bottom); fluorescence measured 50 um above the
soma and 210 pm below the pial surface. b, Spontaneous electrogenesis
and associated [Ca?*] transient in a superficial neuron; fluorescence
measured 50 um above the soma and 100 um below the pial surface. c,
Membrane potential (upper trace) in response to a current pulse (lower
trace) in a layer 2/3 pyramidal neuron measured in vitro, with intracellular
QX-314. d, Response in another cell with tetrodotoxin (TTX) in the bath.
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(data not shown). We conclude that uniformity of slow depolar-
izations is not produced by a widespread Ca*" action potential,
and that the [Ca’*] transients we observe are produced by the
opening of voltage-dependent Ca** channels during Na* action
potentials.

To further test whether Ca** action potentials were triggered by
whisker deflection, we recorded from neurons in which Na* action
potentials were abolished by QX-314 (n = 6). Dendritic [Ca®"]
transients during whisker stimulation now tracked all of the slow
depolarizing waveforms, some of which contained oscillations
suggesting calcium electrogenesis (Fig. 3a). We also observed
large spontaneous membrane-potential excursions (10-30mV)
accompanied by Ca** influx (Fig. 3b). Further, in neocortical brain
slices, intracellular application of QX-314 to layer 2/3 pyramidal
neurons produced Ca’" action potentials in response to somatic
current injections (Fig. 3c, arrow; n = 4), but extracellular appli-
cation of tetrodotoxin, a highly specific Na*-channel blocker, did
not have this effect (Fig. 3d; n =4). Together these results
demonstrate that QX-314 assists the generation of Ca®" action
potentials in vivo (Fig. 3a) and in vitro (Fig. 3c), possibly by
blocking K* channels®'***, More importantly, these results
show that our imaging technique is sensitive enough to detect
Ca®" action potentials if they occur (Fig. 34, b).

Although our data demonstrate that the uniformity of slow
depolarizations is not produced by a widespread Ca’*" action
potential, we have not ruled out the possibility that it is due to
localized Ca** action potentials in dendritic regions, such as the
numerous basal dendrites, that were not sampled adequately in
our experiments. However, in slice recordings, dendritic Ca**
action potentials generate the largest and most distributed [Ca®*]
transients’, so we do not consider localized dendritic Ca** action
potentials to be a likely explanation for our data. An alternative
explanation for the uniformity of slow depolarizations is that they
are produced by other regenerative currents, which might not
cause Ca’" influx, such as the low-voltage-gated Na* current
responsible for membrane oscillations in cortical pyramidal
cells®. An altogether different explanation may be the generation
of uniform synaptic input as a result of some collective network
excitation.

The [Ca’*] transient associated with a Na* action potential has
been reported to be a uniform global signal in the dendrite®. It has
also been reported to show a strong spatial dependence®. We
examined this issue in vivo by mapping the spatial pattern of [Ca**]
transient amplitude in the apical dendrite (Fig. 4a) in response to
whisker stimulation (Fig. 4b; n = 3), current injection (Fig. 4c;
n = 2) and extracellular stimulation (Fig. 4d; n = 1). For all three
stimuli, the [Ca**] transient amplitude was largest in the proximal
apical dendrite, peaking within ~100 um of the soma. Beyond
100 pm the amplitude decreased with distance from the soma,
with no detectable [Ca®*] rise in the tufted branches of layer 1
(Fig. 4a-d). The absence of [Ca®"] transients in layer 1 was
confirmed in other cells (n = 7), without constructing a complete
map. Under all stimulating conditions, somatic [Ca**] transients
were clearly present but were small, possibly owing to the
unfavourable surface-to-volume ratio, in agreement with in vitro
measurements™. The amplitudes of [Ca®*] transients in basal
dendrites in the vicinity of the soma (<50 pm away) were similar
to the largest values found for apical dendrites (Figs 2i and 4b).
However, because basal dendrites are thin and deeply embedded
in the tissue they were often not bright enough for us to map the
[Ca®*] transient amplitude as a function of distance from the
soma.

We have demonstrated that TPLSM can be used to measure
[Ca®*] dynamics in the dendrites of neurons in the intact mam-
malian brain. Our measurements render it unlikely that the large-
amplitude, low-variability slow depolarizations produced by
sensory stimulation in the anaesthetized rat are Ca®" action
potentials. The amplitude and spatial pattern of [Ca®"] transients
produced by sensory stimulation is dominated by the effects of
Na* action-potential depolarization. The fall-off of the [Ca®']
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transients with distance, which could be caused by Na* action-
potential propagation failure or by a non-homogenous distribu-
tion of voltage-dependent Ca** channels*, is even steeper than
reported in CA1l hippocampal pyramidal cells in vitro®, and
distinctly different from the unattenuated global [Ca*'] signal
that has also been reported in CA1 cells®. The spatial pattern we
have observed might imply spatially varying mechanisms or con-
ditions for the induction of Ca**-dependent long-term synaptic
plasticity”’ in the highly stratified afferent inputs in neocortex.
However, the largest [Ca’*] transients on the apical dendrite of

50 pm

b so,

f %?%
s Py

-50 0 50 100 150 200

=]

@
[=1

B
o

X
; by

20 {

-50 0 50 100 150 200

AFIF (%) o

U

100,
80. [ ]
60.

40 .
]
20. $
50 0 50 100 150 200
Distance (um)

FIG. 4 Spatial maps of average [Ca®’] transient amplitude in apical
dendrites of layer 2/3 neurons in vivo using different stimuli. a, Layer 2/3
neuron in vivo (projections onto the x-z plane; stack consists of 115
sections, 256 x 256 pixels each, 2 um spacing; surface of the cortex is
towards the top. Right, selected [Ca®*] transients (average of 5-10
responses). b, Whisker deflections (soma 260 um below the pia). The
averaging of [Ca®'] transients was triggered on extracellularly recorded
spikes after electrode withdrawal. ¢, Current injection evoking two Na*
action potentials (soma was 415 pm below the pia). The averaging of the
fluorescence signal was triggered on the second Na* action potential. d,
Extracellular stimulation (1 MQ2 monopolar glass electrode filled with 1 M
NaCl; 100 ps pulses) on the border of layers 1 and 2 (soma 280 um below
the pia). The averaging of the [Ca®*] transient was triggered on the stimulus
artefact (same cell as in a).
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layer 2/3 neurons occur in a region devoid of synaptic spines and
also, presumably, of excitatory (glutamergic) input. Given the
sensitivity of dendritic excitability on K* channel modulation®'**,
it will be interesting to examine whether the pattern we measured
is altered by the neuromodulatory influence of cortical activating
systems. Our failure to observe Ca*" action potentials in regular
spiking layer 2/3 cells does not rule out the presence of regen-
erative Ca’" events under different stimulus conditions or during
different behavioural states. Further experiments using TPLSM

might help to address these issues. O

Methods

In vivo imaging and electrophysiology. Rats (4-6 weeks, n = 50) were
anaesthetized with urethane (2 mg per g body weight, administered intraper-
itoneally), a small craniotomy (3 x 3 mm) was cut above primary vibrissa cortex,
and the dura was removed. The exposed area was covered with 2% agarose
(Type llI-A, Sigma, in artificial cerebrospinal fluid) and a coverslide mounted on a
stainless-steel frame?®® that was secured to the skull with dental cement and
fixed to the microscope stage. Sharp electrodes were filled with 400 mM K-
acetate and 3 mM calcium green-1 (Molecular Probes) and bevelled (resistance
~50-100 MS2). In some cases electrodes also contained 30 mM Lidocaine N-
ethyl bromide (QX-314, Research Biochemicals International). Membrane-
potential recordings were made with an intracellular amplifier (Neurodata
IR283) and stored digitally. Neurons with resting potentials more negative
than —55 mV were iontophoretically filled with indicator dye by injecting them
with hyperpolarizing current (—0.2 to —0.5 nA, 5 to 15 min). During filling, a thin
pencil lead attached to a galvanometer scanner was used to deflect one to three
whiskers by 5-20 deg in a sequence of ten square deflections at 5 Hz, similar to
whisker movement frequencies and amplitudes during tactile discrimination?.
Simultaneously, stimulator position was adjusted until a cellular response was
detected. No attempt was made to identify the principal whisker. After filling, the
electrode was either withdrawn (n = 18) or the hyperpolarizing current was
turned off (n = 49). Cell input resistances ranged from 20 to 120 M2, and
action-potential amplitudes from 40 to 85 mV. Intracellular recordings lasted
between 20 min and 2 h. Electrical recordings with and without (n = 4) Ca®*
indicator in the electrode were indistinguishable. Imaging was performed with a
custom-made laser scanning microscope. The light source for two-photon
excitation was a pulsed Ti:sapphire laser (Tsunami; Spectra Physics) operating
at 80 MHz repeat frequency, 100 fs pulse width, and wavelength of between 800
and 850 nm. Excitation light was focused by a x40 water-immersion objective
lens (0.75NA; Carl Zeiss). The average power delivered to the brain was
<200 mW. Scanning was performed using two galvanometer mirrors (Cam-
bridge Technology, model 6800). Scanning and image acquisition were con-
trolled with custom software. Emitted light was collected in epifiuorescence
mode and detected with a photomultiplier tube (Hamamatsu R9638). Acquisi-
tion of images and electrophysiology was synchronized to 125 ps. Fast fluores-
cence measurements were achieved by repeatedly scanning a single line across
the dendrite at 2-ms time intervals. The resulting line-scan image was used for
quantitative analysis as follows: the fluorescence signal, F, was computed as an
average along the scan line over the width of the dendrite or soma; the baseline
signal, Fy.s., Wwas computed as an average over the same width for several scan
lines before an event; the normalized change in fluorescence was then
AF/F = (F — Frase)/ (Foase — B), Where B is the background signal determined
from averages on areas adjacent to the dendrite. Apart from dye saturation, AF/F
is proportional to A[Ca?*]. Action potential-evoked [Ca?*] transients had short
decay time constants (<100 ms) (ref. 22). For current injection experiments,
current pulses (20 ms) were injected into neurons at 2 Hz. The current amplitude
was adjusted to stochastically generate zero, one or two Na* action potentials.
For both whisker stimulation and current injection stimulation, events with zero,
one or two action potentials were grouped, respectively, and spike triggered
averages of AF/F were computed. To quantify the size of the [Ca?*] transients,
the peak response was computed as an average over three scan lines around the
peak of the response; because of motion-related fluctuations of the fluores-
cence signal at heartbeat (~7Hz) and breathing frequencies (~2Hz), this
measure was found to be more reliable than the integral of the response. The
dependence of A[Ca?'] on action-potential number occasionally contained a
slight compressive nonlinearity (see Fig. 2h). Considering that the dendritic
[Ca**]rise in response to a single Na* action potential can approach the K, of the
indicator??, dye saturation may be responsible®, but Na* spike waveform
changes and Ca?*-channel inactivation may also contribute. Considering that
synaptic activation produces localized Ca?* influx in vitro®, our failure to detect
calcium transients in response to subthreshold slow depolarization (Fig. 2a) may
seem surprising. But a slow depolarization might be the result of activation of
tens of synapses, less than 1% of the total, and our technique samples on the
order of 1 um of dendrite at any time. It would therefore be very difficult to find
Ca?* transients associated with synaptic activation at an unknown location in the
dendritic tree®. In some mapping experiments during which the electrode was
not withdrawn (Fig. 4c), indicator gradients might have reduced AF/F close to the
site of the electrode penetration, where the dye concentration is highest. Our
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basic conclusion, that [Ca®*] transients peak close to the soma with little influx in
the distal braches of layer 1, would thus not be affected. In some cases (Fig. 4b,
d), to dissipate dye gradients, Ca®* transient were recorded more than 30 min
after electrode withdrawal. All data are presented as mean + s.e.m.

Brain-slice preparation, imaging and electrophysiology. Rats (4-6 weeks
old) were deeply anaesthetized (50 mgml~* Nembutal) and decapitated. The
brain was removed and coronal slices (300 um thick) from somatosensory cortex
were cut with a vibratome. Slices were kept at 33 °C for 30min and subsequently
stored at room temperature (22-24 °C). After 1-5 h slices were transferred to a
submerged recording chamber (22-24°C). The artificial cerebrospinal fluid
contained (in mM): 124 NaCl, 26 NaHCO;, 3KCl, 1.25NaH,P04, 2 MgSo0,,
10 dextrose, 2 CaCl,, saturated with 95% 0,/5% CO, (pH 7.3; osmolarity, 290—
300mOsm). In some cases 1uM of tetrodotoxin was added. Whole-cell
recordings were established under visual control, and recordings were made
with a patch-clamp amplifier (EPC-7; List Electronics) operating in current-clamp
mode. Resistance compensation was performed off-line. Electrodes had resis-
tances of 7—-10 M2 when filled with internal solution containing (in mM): 135 K-
methanesulphonate (Fluka), 10 K-HEPES, 2 MgCl,, 3 Na,ATP, 0.2 EGTA and
0.1 calcium green-1 (Molecular Probes) (pH, 7.2-7.3; osmolarity, 280 mOsm).
In some experiments 6 mM QX-314 was added. Access resistances after break-
in were 15-30 MQ2. Measurements were started 20 min after break-in.
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Dominant alleles at the agouti locus (4) cause an obesity syn-
drome in the mouse, as a consequence of ectopic expression of the
agouti peptide'. This peptide, normally only found in the skin, is
a high-affinity antagonist of the melanocyte-stimulating hormone
receptor (MC1-R)’, thus explaining the inhibitory effect of agouti
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on eumelanin pigment synthesis. The agouti peptide is also an
antagonist of the hypothalamic melanocortin-4 receptor (MC4-
R)™. To test the hypothesis that agouti causes obesity by antag-
onism of hypothalamic melanocortin receptors’, we identified
cyclic melanocortin analogues' that are potent agonists or
antagonists of the neural MC3 (refs 11, 12) and MC4 receptors.
Intracerebroventricular administration of the agonist, MTII,
inhibited feeding in four models of hyperphagia: fasted
C57BL/6J, ob/ob, and AY mice, and mice injected with neuro-
peptide Y. Co-administration of the specific melanocortin
antagonist and agouti-mimetic SHU9119 completely blocked
this inhibition. Furthermore, administration of SHU9119 sig-
nificantly enhanced nocturnal feeding, or feeding stimulated by a
prior fast. Qur data show that melanocortinergic neurons exert a
tonic inhibition of feeding behaviour. Chronic disruption of this
inhibitory signal is a likely explanation of the agouti obesity
syndrome.

The agouti peptide acts as a paracrine factor in the regulation of
eumelanin (brown-black pigment) synthesis, and in the induction
of obesity". The non-endocrine nature of the peptide and the lack
of homogeneous preparations have complicated analysis of the
activities of the peptide in vivo. Screening analogues of the cyclic
lactam melanocortin agonist MTII (Ac-Nle‘-c[Asp®, D-Phe’,
Lys'*]a-MSH-(4-10)-NH,) led to the identification of the agouti-
mimetic SHU9119 (Ac-Nle*-c[Asp®, p-2'Nal’, Lys'’]a-MSH-4-
10)-NH,)" (Fig. 1a). This compound shares pharmacological
properties with agouti peptide in that it is a potent antagonist of
MC4-R and a less potent antagonist of the MC3-R’ (Fig. 1b).
The closely related analogue MTII (ref. 14) is identical to
SHU9119 with the exception of a p-phenylalanine in place of
the p-2'naphthylalanine, and is a full agonist of the MC3-R and
MC4-R (Fig. 1b).

Mice were induced to feed by food deprivation for 16 h before
intracerebroventricular (ICV) administration of the nonspecific
melanocortin agonist MTII. In comparison to vehicle-injected
animals, MTII was found to produce a potent inhibition of feeding
within one hour of administration (Fig. 2a). At the highest dose
(3 nmol), food intake was significantly inhibited for up to 4 h after
administration (P < 0.001), and decreased food intake continued
for the next 4h, with normal rates resuming about 8h after
treatment. There was a dose—response relationship between
MTII dose and feeding inhibition, with an ICs, at the 2-h time
point of 0.6 nmol. Inhibition of feeding with 3nmol MTII was
blocked by co-administration of 6nmol SHU9119 (Fig. 2b;
P < 0.001), demonstrating that the effect results specifically
from agonist binding to MC4-R and/or MC3-R.

MTII-treated mice were alert and exhibited no unusual beha-
viour relative to controls. The effect of MTII on locomotor activity
was tested by using sound- and light-proof cages containing
multiple light-beam detectors. The movements of MTII- and
vehicle-treated mice were measured during two 90-min time
periods (0.5-2h, Fig. 2c; 2.5-4h, data not shown) after ICV
administration. The higher initial activity, indicative of explora-
tory behaviour, and continued locomotion were indistinguishable
between the two groups, indicating that the inhibition of feeding
was not due to decreased arousal or locomotion. In contrast to its
long-term inhibition of feeding (4-8h), MTII only inhibited
drinking in water-deprived animals during a brief time period
(<1h) after administration (Fig. 2d).

The administration of MTII also inhibited food intake in three
other models of hyperphagia, involving C57BL/6J-Lep®®, C57BL/
6J-A" and neuropeptide Y (NPY)-injected C57BL/6J mice. The
hyperphagia in these models can be seen clearly by comparing the
12 h food intake after a fast in vehicle-injected C57BL/6J (2.4 g;
Fig. 2a), C57BL/6J-AY (3.7 g, Fig. 3a) and C57BL/6J-Lep® (3.7 g;
Fig. 3c) animals. As expected, MTII treatment inhibited food
intake after a 16-h fast in the C57BL/6J-4” mouse (Fig. 3a;
P < 0.05).

MTII, when co-administered with NPY, significantly inhibited
the profound stimulation of feeding normally induced by NPY,
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