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FIG. 2 a, Effect of fasting and leptin treatment on the oestrus cycle. Female
C57BJ mice were housed singly in plastic cages under ambient conditions,
with a 12 h light (06:00-1800) and 12 h dark (18:00-06:00) cycle, and
free access to chow and water. Daily vaginal smears were obtained from
age 8 weeks for the duration of 3 oestrus cycles. Thirty females with regular
4-5 day oestrus cycles were assigned to 3 treatment groups (10 per
group). One group was fed ad libitum, and the others were fasted for 48 h
during dioestrus, and treated with twice daily i.p. injections of recombinant
mouse leptin, 1 pug per g body weight or saline. Body weight decreased by
15%, from 23.0 &= 0.9t0 19.6 + 0.9 gm, and leptin treatment did not alter
this. Twelve h after the last injection, all mice were allowed free access to
food. Body weight was regained to 98% of control after 24 hours and fully
restored after 48 hours. Daily vaginal smears were obtained, each female
serving as its own control. The delay of vaginal oestrus was determined as
the difference between the length of the cycle (oestrus to oestrus) before
and after treatment!!. Data are means + s.e.m., n = 10 per group.
*P < 0.05 compared with fed controls; TP < 0.05 compared with fasted
mice by ANOVA and Fisher PSLD. b, Diurnal variation of serum leptin and
corticosterone. Male C57BL mice were used (Table 1), and handling was
restricted to cage cleaning. Seventy per cent of food intake (2.78 + 0.18¢g
chow per mouse) occurred during the dark cycle, and 30% (1.19 + 0.10g
chow per mouse) during the light cycle. Groups of mice (n = 5) were killed
by decapitation at 04:00, 08:00, 14:00, 20:00 and 24:00h. Serum
corticosterone and leptin were measured by radioimmunoassay (ICN and
Linco, respectively). Data are means + s.e.m., *P < 0.05 compared with
08:00 h by ANOVA and Fisher PSLD.

were similar to those of fed controls, recombinant leptin may be
less potent, or the leptin radioimmunoassay may overestimate
bioactive leptin. Alternatively, as falling insulin may mediate
adaptation to starvation through regulation of hypothalamic
NPY’, leptin and insulin may cooperate to regulate aspects of
the neuroendocrine response to starvation.

In an environment where periodic limitations of food avail-
ability, rather than continuous access, is common, the ability to
adapt to starvation is fundamentally important to survival of the
species. These studies show that falling leptin concentration is a
critical signal that initiates the neuroendocrine response to star-
vation, including limiting procreation, decreasing thyroid thermo-
genesis, and increasing secretion of stress steroids, which together
are likely to have survival value during prolonged nutritional
deprivation. Given the high prevalence of apparent leptin resis-
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tance in obese rodents™® and humans®’, the physiological response
to decreasing leptin concentration with starvation may be the
dominant role of this hormone. d
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LEARNING a motor skill sets in motion neural processes that
continue to evolve after practice has ended, a phenomenon
known as consolidation'™. Here we present psychophysical evi-
dence for this, and show that consolidation of a motor skill was
disrupted when a second motor task was learned immediately
after the first. There was no disruption if four hours elapsed
between learning the two motor skills, with consolidation occur-
ing gradually over this period. Previous studies in humans and
other primates have found this time-dependent disruption of
consolidation only in explicit memory tasks*'?, which rely on
brain structures in the medial temporal lobe®'>'. Our results
indicate that motor memories, which do not depend on the medial
temporal lobe®*", can be transformed by a similar process of
consolidation. By extending the phenomenon of consolidation to
motor memory, our results indicate that distinct neural systems
share similar characteristics when encoding and storing new
information.

Subjects moved the handle of a two-link planar manipulan-
dum'® (Fig. 1a) to guide a cursor to a series of 192 targets (one
target set) that appeared one at a time on a computer monitor
mounted above the manipulandum (Fig. 15). On the first day of
testing (day 1), after baseline trajectories were recorded (Fig. 1),
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FIG. 1 We trained 70 naive, right-handed subjects
between the ages of 18 and 35 years in a motor learning
task'® (5 subjects were excluded from final analysis
because they failed to follow the instructions). Subjects
learned to make reaching movements while interacting
with a force-producing manipulandum. a, Overhead view of
the experimental setup. The apparatus is a two-joint planar
manipulandum powered by two torque motors mounted at
its base®. b, Typical hand trajectories for one subject.
Subjects moved the handle of the manipulandum 10 cm to
targets that appeared in one of eight directions: four
directions starting from the centre of the monitor (0°,
45°, 90°, 135°) and the four corresponding directions
back to the centre from each of those targets (180°,
225°, 270°, 315°). Subjects were instructed to bring the
cursor (representing the position of their hand, displayed
on a monitor facing the subjects) in a straight line to each
target with a movement time of 500 + 50 ms. The com-
puter generated a distinctive sound if a subject reached the
target within the allotted time. A target turned blue if a
subject reached it too slowly, red if too quickly. After 5-10
min practice, when subjects could move at the required
pace, we recorded the position and velocity of the
manipulandum at 100 Hz for each subject while the sub-
ject made 12 movements (baseline trajectories) in each of the 8 target
directions. There were no perturbing forces during these movements. c,
Clockwise velocity-dependent forces imposed by the manipulandum plotted
as a function of hand velocity. The direction and length of an arrow indicate
the direction and magnitude of the forces, respectively, in each location in
velocity space. The movements of half of the subjects were perturbed by
clockwise forces, half by anticlockwise forces. Forces were calculated
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linearly as a function of hand velocity: f = Bx. The matrix B was either

0 13 . 0 -13 1 . .

Nsm™ or Nsm™. d, Trajectories of one
-13 O 13 O

subject when the clockwise perturbing forces were first turned on. e,

Trajectories of the same subject after 5min practice in the presence of

the clockwise velocity-dependent forces.

FIG. 2 Learning curves for three groups of subjects. The similarity between
two trajectories was quantified using a correlation measure that treated
each trajectory as a sequence of velocity vectors (x sampled at 10-ms
intervals)*®. The value of the correlation coefficient, which depends on both
the path and speed of a movement, can vary between —1 and +1, with +1
indicating that two movements are completely identical. Performance,
however, was typically bounded by values of the correlation coefficient
between 0.65 and 0.93. Learning curves in task A on days 1 and 2 are
shown: a, for the control group; b, for the no-pause group (task B performed
immediately after completion of task A); and ¢, for the 4-hour break group
(task B performed 4 hours after completion of task A). The mean perfor-
mances on days 1 and 2 are shown in bars on the right of each graph (same
scale as for learning curves). Mean performance on day 2 was significantly
higher than on day 1 for the control and 4-hour break groups, but not for the
no-break group. There was no significant difference between the perfor-
mance of task A on day 1 between these groups. Because subjects were not
told in advance of a target set which forces would be applied, the first
movement in each target direction was treated as a cue to the pattern of the
forces, and was not included in the analysis. (Inclusion of these data,
however, did not alter the significance of the comparisons). The asterisk
indicates that mean performance on day 2 was significantly higher than on
day 1; statistical significance determined with two-tailed t-test, with
Bonferroni correction for multiple-planned comparisons.

the manipulandum perturbed subjects’ movements with a pattern
of velocity-dependent forces during one target set (task A)
(Fig. 1c,d). The motor learning task required subjects to com-
pensate for these imposed forces'. By the end of the target set,
subjects were able to guide the cursor accurately to the targets
despite the perturbing forces (Fig. 1e). The similarity between a
subject’s movements in the presence of the forces and his or her
baseline movements indicated how well that subject learned to
compensate for the forces (Fig. 2).

After the target set, subjects were divided into 6 groups, with 12
subjects in 5 of the groups and 10 in the other. We tested the first
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group of subjects (control group) 24 hours later (day 2) with the
same forces they had learned in task A. This control group showed
both retention of the motor skill and additional learning, perform-
ing at a significantly higher level on day 2 than they had on day 1
(Fig. 2).

The second group of subjects was trained on day 1 with a
different pattern of forces (task B) immediately after task A (no-
break group). In task B, the manipulandum produced forces
opposite in direction to those applied during task A. The mean
performance of these subjects in task B was significantly less than
it had been in task A, an effect known as negative transfer'’. The
no-break group was also tested for retention of task A 24 hours
later on day 2. In contrast to the control subjects, their mean
performance was not significantly better than it had been on the
previous day (Fig. 2). This occurred despite the fact that the task
provided subjects with continuous visual and kinesthetic feedback
on the pattern of forces present. Thus subjects were unable to
benefit from their previous training, suggesting that learning task
B disrupted the retention of the motor skill that had been learned
in task A, a phenomenon known as retrograde interference”.

To test whether retrograde interference could be caused by any
motor task performed immediately after task A, the third group of
subjects was tested in a protocol similar to that of the no-break
group, the only difference being that, when subjects guided the
cursor to the targets in task B, the manipulandum produced no
perturbing forces. When tested for retention of task A the
following day, these subjects did not demonstrate retrograde
interference, performing at a significantly higher level on day 2
than they had on day 1 (P < 0.05; data not shown).

We next investigated whether the susceptibility of motor learn-
ing to negative transfer and retrograde interference decreased
with time. We trained the final three groups of subjects in task B
either 5 minutes (5-minute group), one hour (1-hour group), or
four hours (4-hour group) after task A on day 1. Both retrograde
interference and negative transfer decreased monotonically as the
interval between tasks A and B increased (Fig. 3). Although the
S-minute and 1-hour groups performed better in task A on day 2
than they had on day 1, their retention did not approach statistical
significance. Both of these groups demonstrated significant nega-
tive transfer in task B. When 4 hours passed before task B was
learned, however, retention of task A was significant, and there
was no significant negative transfer (Figs 2 and 3). Further, there
was no difference in the amount of retention between the 4-hour
group and the control group (P > 0.05); that is, after 4 hours had
passed, skill in task A was not disrupted when task B was learned.
The initial learning had consolidated.

An alternative explanation for the disappearance of retrograde
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FIG. 3 Retention of the task A motor skill and transfer to task B as a function
oftemporal distance between tasks A and B. Controls did not perform task B.
Retention was calculated as the difference between the mean performance
intask Aon days 2 and 1. Transfer was calculated as the difference between
mean performance in task B and task A, both on day 1. An analysis of
variance (ANOVA) performed on the retention data indicated a significant
difference between the means: F(4,48) = 3.05, P < 0.05. An ANOVA
performed on the negative transfer data also indicated a significant
difference between the means: F(3,37) = 2.88, P < 0.05. The asterisk
indicates significant difference from 0, P < 0.05; two asterisks significant
difference from O, P < 0.005; three asterisks indicates significant differ-
ence from O, P < 0.001; corrected for multiple comparisons with Bonfer-
roni correction. The concomitant decline of negative transfer and retrograde
interference seen in the group data suggests a relation between the two
phenomena. This is borne out by the significant correlation (r = 0.55,
P < 0.0005) between negative transfer and retrograde interference in each
individual subject.

interference with the passage of time would propose that subjects
tended to consider two tasks learned in close succession as a single
task: the confusion between the two tasks would diminish as the
tasks were separated in time. This explanation places the relevant
processes in the cognitive domain, rather than positing a time-
dependent change in the way motor memory is stored. Further
experiments, however, argued against this interpretation; practis-
ing task B 2-3 minutes after task A did not cause retrograde
interference (that is, there was still retention of task A) if the
subjects had already learned task A on the previous day, and thus
had had 24 hours to consolidate their learning (data not shown).

Although several studies have reported the disruption of motor
memories'®"’, we believe this to be the first evidence that human
motor memory, one type of implicit memory, is rapidly trans-
formed with the passage of time, and, in the absence of further
practice, from an initial fragile state to a more solid state. Two
broad mechanisms may account for this consolidation: either the
same synapses that are altered during learning a motor skill are
further altered during the changes that lead to the consolidation
of that skill'; or new synapses are recruited to store the skill in its
long-term state’*. Studies using localized cerebral lesions have
suggested that consolidation can occur as a result of a change in
the anatomical locus of a memory trace or of changes that rely on
the integrity of the medial temporal lobe'*?. These mechanisms,
however, seem to take place over a much longer time scale (days to
weeks to years) than the 4 hours we observed in our study.
Alternatively, the synapses that are altered during learning of a
motor skill may be further altered during the changes that lead to
the consolidation of that skill'**. The time course of this latter type
of consolidation is consistent with the time course of our
results'2+%, O
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THE question of whether nicotine, the neuroactive compound of
tobacco, is addictive has been open to considerable scientific and
public discussion. Although it can serve as a positive reinforcer in
several animal species, including man, nicotine is thought to be a
weak reinforcer in comparison with addictive drugs such as
cocaine and heroin'?, and has been argued to be habit forming
but not addictive™’. Here we report that intravenous nicotine in
the rat, at doses known to maintain self-administration, stimu-
lates local energy metabolism, as measured by 2-deoxyglucose
autoradiography, and dopamine transmission, as estimated by
brain microdialysis, in the shell of the nucleus accumbens. These
neurochemical and metabolic effects are qualitatively similar to

those of other drugs, such as cocaine, amphetamine and mor-
phine, which have strong addictive properties®”. Our results
provide functional and neurochemical evidence that there are
specific neurobiological commonalities between nicotine and
addictive drugs.

Dopamine neurotransmission in the mesolimbic system, and
particularly in the nucleus accumbens, is currently recognized as a
critical target of drugs of abuse®*. Indeed most if not all drugs
abused by humans stimulate dopamine transmission in the
nucleus accumbens'!, a property that has been related to their
addictive properties®°.

The nucleus accumbens is subdivided into a ventromedial ‘shell’
and a dorsolateral ‘core™*"*. The shell is thought to be involved in
the integration and expression of emotions, through its projec-
tions to the extended amygdala, lateral hypothalamus and central
grey matter, and the core is thought to be involved in somato-
motor functions'>*.

Several addictive substances such as cocaine, amphetamine and
morphine have previously been administered intravenously to
freely moving rats at doses that sustain self-administration, and
have been shown to increase preferentially or selectively the levels
of extracellular dopamine’ and energy metabolism™>® in the shell of
the nucleus accumbens. Enhanced energy metabolism and
increased dopamine transmission in the shell may therefore
represent distinctive neurobiological markers of the addictive
potential of drugs independently from their specific mechanism
of action.

We decided to investigate whether nicotine produces neuro-
chemical effects in the shell that resemble those of typically
addictive drugs. Therefore, we studied the effects of nicotine in

TABLE 1 Effects of nicotine on cerebral glucose utilization

O (saline control)

Brain area (n=4)
Nucleus accumbens shell 80+t4
Nucleus accumbens core 85+ 4
Ventral tegmental area 61+2
Medial prefrontal cortex 5+7
Caudate—putamen 109 + 11
(dorsolateral)

Caudate—putamen 110+ 14
(dorsomedial)

Caudate—putamen (ventral) 93+8
Globus pallidus (dorsal) 60 + 6
Globus pallidus (ventral) 53+5
Central amygdala 52+4
Basolateral amygdala 88+t7
Superior colliculus (external) 82+5
Lateral geniculate body 89+8

Nicotine dose (mg per kg)

0.025 0.050

(n=4 (=4

92+5 98 + 4*
83+3 87+5
62+3 65+ 3
75+t4 71 t4
102 +6 109+7

102+ 6 1M11+7
90+7 89+t4
55+7 54+4
53+5 52+4
46+ 3 47 +3
88+ 6 92 +10
94 +6 101 £10
91+5 100+ 16

Data represent means +s.e.m. (number of rats in parentheses). Asterisks indicate significant variations with respect to values measured in the control group
(P < 0.05, one-way analysis of variance, followed by Tukey's t-test for multiple comparison). Nicotine, which was administered intravenously to freely moving
rats, failed to modify cerebral energy metabolism in the remaining structures: anterior cingulate cortex, sensorimotor cortex, auditory cortex, visual cortex,
hippocampus, cerebellar cortex, septal nuclei, lateral hypothalamus, subthalamic nucleus, substantia nigra, thalamic nuclei, habenula, medial geniculate

body, inferior colliculus, pontine grey, and corpus calosum.
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