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We previously showed that prenatal choline supplementation could increase the precision of timing and temporal
memory and facilitate simultaneous temporal processing in mature and aged rats. In the present study, we
investigated the ability of adult rats to selectively control the reinforcement-induced resetting of an internal clock as
a function of prenatal drug treatments designed to affect the �7 nicotinic acetylcholine receptor (�7 nAChR). Male
Sprague-Dawley rats were exposed to prenatal choline (CHO), nicotine (NIC), methyllycaconitine (MLA),
choline + nicotine (CHO + NIC), choline + nicotine + methyllycaconitine (CHO + NIC + MLA), or a control treatment
(CON). Beginning at 4-mo-of-age, rats were trained on a peak-interval timing procedure in which food was available
at 10-, 30-, and 90-sec criterion durations. At steady-state performance there were no differences in timing accuracy,
precision, or resetting among the CON, MLA, and CHO + NIC + MLA treatments. It was observed that the CHO
and NIC treatments produced a small, but significant increase in timing precision, but no change in accuracy or
resetting. In contrast, the CHO + NIC prenatal treatment produced a dramatic increase in timing precision and
selective control of the resetting mechanism with no change in overall timing accuracy. The synergistic effect of
combining prenatal CHO and NIC treatments suggests an organizational change in �7 nAChR function that is
dependent upon a combination of selective and nonselective nAChR stimulation during early development.

The cognitive processes involved in duration discrimination are
generally thought to include attention, clock, memory, and de-
cision stages (Church 1984; Gibbon et al. 1997; Hinton and Meck
1997; Paule et al. 1999; Meck 2001; Buhusi 2003). A variety of
theoretical models have been proposed to account for interval
timing in the seconds to minutes range and a number of physi-
ological mechanisms for the “internal clock” have been proposed
(e.g., Church 1984; Gibbon et al. 1997; Matell and Meck 2000,
2004; Buhusi and Meck 2005; Meck and N’Diaye 2005). Of par-
ticular interest is how the clock gets reset at the end of a timed
signal. The general assumption has been that the delivery of re-
inforcement and/or some sort of feedback mechanism contrib-
utes to the storage of the remembered time of reinforcement and
resets the clock (Gibbon 1977; Meck 1988; Killeen 1994, 2001;
Matell and Meck 1999). In particular, the Striatal Beat-Frequency
(SBF) model of interval timing proposes a process of writing and
rewriting temporal memory, in which the delivery of reinforce-
ment leads to a phasic burst of dopamine release in the striatum
from cell bodies in the substantia nigra pars compacta (SNc). This
dopamine burst contributes to the long-term potentiation of syn-
aptic connections among medium spiny neurons in the dorsal
striatum and the resetting of temporal integration. This “reset”
command can be functionally dissociated from the resetting/
synchronization of cortical oscillatory mechanisms that is pro-
posed to occur at signal onset and which may also involve the
phasic release of dopamine (Matell and Meck 2004; Voorn et al.
2004; Lustig and Meck 2005; Lustig et al. 2005).

When timing a single temporal criterion within a trial, it is

optimal to have the delivery of reinforcement reset the interval
clock. In contrast, when timing a probabilistic sequence of tem-
poral criteria within a trial, it is suboptimal in terms of accurately
predicting the next time of reinforcement to reset the clock if
only one is being used or to reset all interval clocks with the
delivery of each reinforcement if multiple clocks are used. In this
case, optimal performance would be to exert “controlled” reset-
ting of the clock(s). What the neurobiological basis is for this
reset command and the degree to which it can be controlled is
currently unknown. It has been demonstrated, however, that al-
though the delivery of reinforcement serves as a potent reset
command, it isn’t universally issued or received. Individual dif-
ferences have been observed in which rats can selectively reset an
interval clock based upon the sequential probabilities of rein-
forcement availability at different intervals following signal on-
set (Matell and Meck 1999)

Previous results have shown that adult offspring of pregnant
rats fed with 4.5 times the choline in standard rodent chow show
enhanced visuospatial memory (e.g., fewer choices to find eight
baited arms of 12 total arms in a radial-arm maze–Meck et al.
1988, 1989). This same prenatal choline supplementation has
been shown to facilitate interval timing and temporal memory in
young adult rats (Meck and Williams 1997a) and to improve the
ability of mature and aged rats to time two signal durations si-
multaneously (Meck and Williams 1997b). These effects were at-
tributed, in part, to increased precision in the control of the clock
and memory processes involved in duration discrimination as a
result of long-term changes in cholinergic mechanisms in both
cortical and subcortical structures (Blusztajn et al. 1998; Cermak
et al. 1998, 1999; Pyapali et al. 1998; Jones III et al. 1999; Mon-
toya et al. 2000; Albright et al. 2003; Meck and Williams 2003).
These effects include increases in both muscarinic and nicotinic
receptor binding as a function of perinatal choline supplemen-
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tation (Morley and Garner 1986, 1990; Morley and Fleck 1987;
Meck et al. 1989; Peng et al. 1997; Morley and Happe 2000). In
addition, it has been demonstrated that adult rats exposed pre-
natally to a brief period of choline supplementation are more
sensitive to the clock speed-enhancing effects of nicotine admin-
istration (Meck and Williams 1997a). These findings, taken to-
gether with the observed beneficial effects of prenatal choline
and nicotine on sustained attention and spatial memory (e.g.,
Levin et al. 1996b; Mohler et al. 2001; Meck and Williams 2003)
suggest the possible synergism of prenatal choline and nicotine
effects–possibly involving �7 nicotinic acetylcholine receptor
(nAChR) modulation of the striatum and pedunculopontine
nucleus (see Holt et al. 1999; Kaneko et al. 2000; Marin et al.
2000; Apicella 2002; Mena-Segovia et al. 2004).

Nicotinic cholinergic receptors located in many brain re-
gions are involved with several important aspects of cognition
including attention, learning, memory, and interval timing (e.g.,
Hinton and Meck 1996; Levin et al. 1996a, 1998; Levin and Si-
mon 1998). Of the various nicotinic receptor subtypes, the � and
� subunits have been of particular interest in terms of distin-
guishing their associations with different functional systems.
One of these subunits, the �7 nAChR has been shown to regulate
neurotransmitter release in a variety of brain areas, including
dopamine release from the SNc and GABA release in the hippo-
campus (Alkondon et al. 1999; Tsuneki et al. 2000). Both �7- and
non-�7-containing nACh receptors are present and functional at
early stages of brain development (Maggi et al. 2001) and choline
is known to be a selective agonist of the �7 nAChR subtype
(Papke et al. 1996; Alkondon et al. 1997). On a molecular level,
the �7 nAChR appears to have a diversity of functions, but it is
not known how these receptors interact with prenatal choline
and nicotine administration and whether these molecular events
translate into phenotypes. In order to investigate the organiza-
tional role of the �7 nAChR in the clock reset command, we
administered choline, nicotine, and methyllycaconitine (a com-
petitive antagonist selective for the �7 nAChR) individually and
in combination with rats during prenatal development, and later
evaluated their interval timing ability as adults.

Rats were trained using a modified version of the standard
peak-interval (PI) procedure called the “Tri-Peak” procedure (Ma-
tell and Meck 1999, 2004; Gallistel et al. 2004; MacDonald and
Meck 2005). The Tri-Peak procedure is conceptually similar to the
PI procedure in which subjects learn to center a window of re-
sponding around a criterion time (Church et al. 1994; Rakitin et
al. 1998), but there is one major difference. In the Tri-Peak pro-
cedure, the onset of a stimulus signals the beginning of a trial as
usual. However, there are three response options, each of which
is associated with a different temporal criterion in relation to the
beginning of the trial, i.e., there is a “short,” “medium,” and
“long” response option for the delivery of reinforcement as illus-
trated in Figure 1. One may characterize the three peak functions
with respect to each response option across probe trials. The Tri-
Peak response function looks tri-modal, with each peak centered
on the expected time of reinforcement associated with the re-
sponse option. The Tri-Peak procedure is useful because it allows
one to simultaneously evaluate interval timing in the context of
three different time intervals (e.g., 10, 30, and 90 sec).

In order to appreciate the potential effects of clock resetting
within a trial, it is important to understand the sequential prob-
abilities of reinforcement in the Tri-Peak procedure. The major
question is: What gets stored in temporal memory when rats
reset vs. run their clocks following the delivery of reinforcement
at 10 and 30 sec during a trial in which the rat is timing 10-, 30-,
and 90-sec durations simultaneously? In the case where the 30-
sec criterion is being timed, there are two possible clock readings
that can enter into temporal memory. If reinforcement occurs at

10 sec and the clock is reset, then the clock will report a 20-sec
reading when food is earned at 30 sec. If no reinforcement is
delivered at 10 sec, then the clock will report a 30-sec reading
when food is earned at 30 sec. Assuming that the 20- and 30-sec
clock readings enter memory with equal probability and are
given equal weight, then the average storage of this distribution
of times of reinforcement would be 25 sec. If this type of resetting
and “memory mixing” occurs (see Penney et al. 1998, 2000), rats
would be expected to center their 30-sec PI functions around 25
sec when reinforcement isn’t made available at 10 sec, and
around 35 sec when reinforcement occurs at 10 sec (due to clock
resetting and the subsequent timing of the 25-sec criterion).

In the case of the 90-sec criterion, there are three possible
clock readings that can enter into temporal memory. If reinforce-
ment occurs at 10 sec and the clock is reset, then the clock will
report an 80-sec reading when food is earned at 90 sec. If rein-
forcement occurs at 30 sec and the clock is reset, then the clock
will report a 60-sec reading when food is earned at 90 sec. If no
reinforcement is delivered at either 10 or 30 sec, then the clock
will report a 90-sec reading when food is earned at 90 sec. As-
suming that the 80-, 60-, and 90-sec clock readings enter memory
with equal probability and are given equal weight, then the av-
erage of this distribution of times of reinforcement would be ∼77
sec. In the manner described above, if this type of resetting and
memory mixing occurs, rats would be expected to center their
90-sec PI functions around 77 sec, when nonreinforcement oc-
curs at both 10 and 30 sec, around 87 sec when reinforcement
occurs at 10 sec, and around 107 sec when reinforcement occurs
at 30 sec (due to clock resetting and the subsequent timing of the
77-sec criterion).

These clock resetting and memory mixing effects are the
major findings reported by Matell and Meck (1999). The question
here is whether any of the prenatal nicotinic drug treatments
studied in the present experiment can modify this generic/global
resetting mechanism by allowing for selective resetting and thus
avoiding the need for mixing different clock readings in tempo-
ral memory. If rats were able to selectively reset their clocks, then
PI response functions would be expected to be centered around
the programmed times of reinforcement (e.g., 10, 30, and 90 sec)
regardless of the within-trial probabilities of reinforcement at
each of these criterion durations.

Figure 1. Tri-Peak procedure variants. (A) Multiple rewards (�) can be
earned on an individual trial as a result of making the priming of all
combinations of the three fixed-interval (FI) values equally probable, thus
allowing for multiple clock resets during a trial (Matell and Meck 1999).
(B) A single reward can be earned on an individual trial as a result of the
priming of a randomly selected FI value, thus maximally resetting the
internal clock once per trial (Matell et al. 2004; MacDonald and Meck
2005). No reward is primed on probe trials.
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Results

Steady-state Tri-Peak response functions
The mean percent maximum response rate functions combined
over all probe trials for the 10-, 30-, and 90-sec criterion durations
for combinations of treatment conditions are plotted as a func-
tion of signal duration in Figure 2. Peak time, peak rate, and
spread measures (mean � SE) derived from the response-rate
functions for each of the treatment conditions are presented
separately in Table 1. A two-way, repeated measures ANOVA for
the peak time measure showed a nonsignificant main effect for
treatment condition and a significant main effect for criterion
duration; [F(5,126) = 0.67, P > 0.05] and [F(2,126) = 18,733.22,
P < 0.001], respectively. In contrast, the treatment � duration
interaction was nonsignificant, [F(10,126) = 0.81, P > 0.05]. A two-
way, repeated measures ANOVA for the peak rate measure
showed a significant main effect of criterion duration;
[F(5,126) = 10.73, P < 0.0001], but nonsignificant effects of treat-
ment condition and the treatment � duration interaction;
[F(5,126) = 1.52, P > 0.05] and [F(10,126) = 0.18, P > 0.05], respec-
tively. A two-way, repeated measures ANOVA for the spread mea-
sure showed significant main effects for both treatment condi-
tion and criterion duration [F(5,126) = 34.82, P < 0.001] and
[F(2,126) = 977.25, P < 0.001], respectively. The treatment � dura-
tion interaction was nonsignificant, [F(10,126) = 10.52, P > 0.05].
These data indicate that although peak times and peak rates dif-
fer as a function of the criterion duration (as expected) they are
constant across all treatment conditions, while the spreads
are significantly smaller across all three criterion durations for
the CHO and NIC groups than for the CON, MLA, and
CHO + NIC + MLA groups, P’s < 0.05–which do not differ from
each other. In contrast, the spreads for the CHO + NIC treatment
condition are significantly smaller across all three criterion du-
rations in comparison with all other treatment conditions,

P’s < 0.05–indicating that rats in this treatment condition exhib-
ited the highest degree of sensitivity to signal duration.

Tri-Peak response measures as a function
of the reinforcement status of the preceding
criterion duration(s)
Peak times for the 30-sec criterion duration are plotted as a func-
tion of trials in which nonreinforcement (NR) preceded the cri-
terion duration and trials in which reinforcement (R) occurred at
10 sec (Fig. 3, top). A two-way, repeated measures ANOVA with
prenatal treatment and reinforcement status as factors showed a
nonsignificant main effect of treatment [F(5,84) = 0.10, P > 0.05],
but a significant main effect of reinforcement status
[F(1,84) = 269.69, P < 0.001] and a significant treatment x rein-
forcement status interaction [F(5,84) = 4.91, P < 0.005]. Post hoc
analysis indicated that CHO + NIC rats differed significantly
from all other treatment groups. Unlike rats in the other treat-
ment groups, the peak times for CHO + NIC rats did not differ
between the NR and R10 reinforcement conditions. This result
indicates that for rats in the CHO + NIC treatment group, rein-
forcement delivered at an earlier criterion duration (e.g., 10 sec)
did not reset the timing process for later within-trial criterion
durations (e.g., 30 sec).

Peak times for the 90-sec criterion duration are plotted as a
function of trials in which NR preceded the criterion duration
and trials in which R occurred at 10 and/or 30 sec (Fig. 3, bot-
tom). A two-way, repeated measures ANOVA with prenatal treat-
ment and reinforcement status as factors showed a nonsignifi-
cant main effect of treatment [F(5,126) = 0.42, P > 0.05], but a sig-
nificant main effect of reinforcement status [F(2,126) = 147.06,
P < 0.001] and a significant treatment � reinforcement status
interaction [F(10,126) = 4.54, P < 0.001]. Post hoc analysis indi-
cated that CHO + NIC rats differed significantly from all other
treatment groups. Unlike rats in the other treatment groups, the

peak times for CHO + NIC rats did not
differ between the NR, R10, and R30 re-
inforcement conditions [F(2,21) = 26.29,
P > 0.05]. This result indicates that for
rats in the CHO + NIC treatment group,
reinforcement delivered at an earlier cri-
terion duration (e.g., 30 sec) did not re-
set the timing process for later within-
trial criterion durations (e.g., 90 sec).

Discussion
The present results replicate previous
findings showing that prenatal choline
supplementation facilitates timing and
temporal memory (Meck and Williams
1997a,b).

We also replicated the behavioral
effects of a version of the Tri-Peak pro-
cedure used by Matell and Meck (1999)
in which multiple rewards presented at
different times on a single trial lead to
clock resetting and memory mixing in
the majority of control rats. This version
(Fig. 1A) of the Tri-Peak procedure is in
stark contrast to a different version used
in other studies, in which only one of
the three possible times of reinforce-
ment is randomly selected for the prim-
ing on a single trial (e.g., Gallistel et al.
2004; Matell et al. 2004, 2006; MacDon-
ald and Meck 2005; see Figure 1B). Irre-

Figure 2. Mean maximum percent response rate as a function of signal duration in the Tri-Peak
procedure using 10-, 30-, and 90-sec criterion durations for the Control (CON) and prenatal Methyl-
lycaconitine (MLA), Choline (CHO), Nicotine (NIC), Choline + Nicotine (CHO + NIC), and
Choline + Nicotine + Methyllycaconitine (CHO + NIC + MLA) treatment conditions. Selected data sets
were combined because no significant differences in peak time or spread were observed for these
treatment conditions. (CON/MLA*) CON, MLA, and CHO + NIC + MLA conditions combined; (CHO/
NIC) CHO and NIC conditions combined.
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spective of the sequential probabilities of reward, all versions of
the Tri-Peak procedure require the operation of a clock reset com-
mand that is typically triggered by the delivery of reinforcement.
This reset command is similar to the “start” and “stop” com-
mands described in the SBF model for control of an internal clock
and are related to dopamine bursts originating from the ventral
tegmental area (VTA) and SNc, respectively (see Matell and Meck
2000, 2004; Matell et al. 2003a,b; Teo et al. 2004). This reset
command may be restricted to a single signal duration/clock
rather than to all signal durations/clocks. Consequently, in order
to have “selective” clock resetting as a function of multiple cri-
terion times/reinforcement deliveries, the rat must be able to
establish independence among the attention, clock, memory,
and decision resources allocated to each temporal criterion. It is
this independence that provides evidence for parallel processing
of multiple intervals, i.e., it is as if the rat were operating a dif-
ferent clock for each temporal criterion (see Meck and Church
1984; Hinton and Meck 1997; Matell and Meck 1999).

Using an implementation of the Tri-Peak procedure, in

which reinforcers were delivered probabilistically at three differ-
ent criterion times, we demonstrated that rats administered cho-
line or nicotine prenatally exhibit significantly sharper timing
functions compared with control rats. These facilitative effects
were even more pronounced when coadministering choline and
nicotine prenatally as revealed by the highest levels of timing
precision for the CHO + NIC group when compared with all
other treatment groups. Hence, a synergistic effect of combining
prenatal choline and nicotine administration was revealed in the
present study that was similar in magnitude to the memory-
enhancing effects of combining choline and piracetam in aged
rats (Bartus et al. 1981; see also, Teather and Wurtman 2005).
Furthermore, results based on the reinforcement status of the
programmed criterion times (10, 30, and 90 sec) indicated that
only the CHO + NIC-treated rats performed in a manner that
allowed for the accurate sequential placement of peak times near
the programmed times of reinforcement regardless of the rein-
forcement status of each criterion. When taking reinforcement
status into consideration, all other prenatal treatment groups
tended to adopt a reset rule, showing biased peak times for the
30- and 90-sec criteria as was previously described. In summary,
the present findings fit into the SBF-timing model (Matell and
Meck 2000, 2004; Matell et al. 2003a,b), in that a reset mecha-
nism exists. Furthermore, this reset mechanism seems to be regu-
lated by a central cholinergic system and can determine the ac-
curacy and precision of the temporal memory in rats.

Another important finding in the current study is that when
combining prenatal choline and nicotine treatments together,
the original facilitative effect of each drug was enhanced. This
synergistic effect, however, was eliminated in another group of
rats when prenatally coadministered with methyllycaconitine, a
competitive and selective antagonist for the �7 nAChR. Conse-
quently, the current findings may be attributed to organizational
changes in the �7 nAChR, which, when activated by a combina-
tion of specific and nonspecific nACh agonists (e.g., choline and
nicotine, respectively), can produce interactive and synergistic
effects in the control of dopaminergic function in the basal gan-
glia (Papke et al. 1996; Alkondon et al. 1997; Cao et al. 2005).

It has also been reported that the �7 nAChR can regulate the
release of dopamine from the SNc to the striatum (Tsuneki et al.
2000). These two brain regions are critical to the normal func-
tioning of an internal clock and have been integrated into neu-
robiological models of interval timing (Meck 1996; Gibbon et al.
1997). According to the SBF timing model (Matell and Meck
2000, 2004; Matell et al. 2003a,b), bursts of dopamine release
from the SNc to the striatum could serve as a signal to both
initiate timing and to reset the current clock reading. When a
trial begins with the onset of the “to be timed” signal (i.e., a
93-dB tone in the current study), the subjects need to initiate the
clock by synchronizing oscillatory processes in the cortex. Later
in the trial, when a reward is delivered (e.g., at 10 sec), the rats
can either reset the current clock reading or allow the clock to

Figure 3. Peak times (mean � SE) for the 30-sec peak-interval (PI)
criterion (top) and the 90-sec PI criterion (bottom) as a function of the
reinforcement status of the preceding criterion duration(s): non-
reinforcement (NR), reinforcement at 10 sec (R-10s), and/or reinforce-
ment at 30 sec (R-30s).

Table 1. Steady-state Tri-Peak response functions measures

Treatment
Condition

10 sec 30 sec 90 sec

Peak Time Peak Rate Spread Peak Time Peak Rate Spread Peak Time Peak Rate Spread

CON 11.63 � 0.39 52.0 � 4.16 19.38 � 1.31 30.81 � 0.47 45.88 � 3.46 28.63 � 0.80 91.69 � 0.69 39.13 � 3.28 50.88 � 1.17
MLA 11.31 � 0.35 48.5 � 4.77 20.50 � 0.60 30.19 � 0.41 46.75 � 4.31 26.75 � 1.01 90.75 � 0.96 37.25 � 3.28 49.63 � 1.52
CHO 11.69 � 0.55 48.88 � 4.87 18.88 � 0.74 28.63 � 1.54 46.25 � 4.43 24.50 � 0.78 91.06 � 0.83 37.25 � 4.17 42.88 � 1.23
NIC 11.99 � 0.57 49.75 � 4.22 17.00 � 0.57 31.00 � 0.73 47.38 � 3.37 23.50 � 1.17 90.74 � 0.88 42.0 � 2.35 46.00 � 1.34
CHO+NIC 11.56 � 0.46 52.5 � 4.94 13.25 � 0.31 31.56 � 0.54 51.75 � 5.15 18.63 � 0.71 90.44 � 1.01 42.1 � 3.37 38.75 � 2.72
CHO+NIC+

MA 11.81 � 0.57 46.13 � 4.29 22.13 � 0.48 30.69 � 0.60 38.38 � 4.41 28.38 � 0.78 91.00 � 0.81 35.5 � 3.94 50.88 � 0.64

Note: Numbers are means � SE. The units for Peak Time and Spread are in seconds and the units for Peak Rate are in responses/minute.
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continue to run without interruption. As elaborated above,
adopting a reset rule in the current version of the Tri-Peak pro-
cedure would result in a memory mixing effect for the 30-sec and
90-sec reinforcement conditions (i.e., a 25-sec average value
would be remembered as the criterion duration for the 30-sec
condition by mixing 20- and 30-sec times of reinforcement, and
a 77-sec average value would be remembered as the criterion
duration for the 90-sec condition by mixing 60-, 80-, and 90-sec
times of reinforcement). This is exactly the behavioral result that
was observed for control rats by Matell and Meck (1999) as well
as in all of the current groups, with the exception of the
CHO + NIC treatment group. For those rats that adopted a reset
rule, the reinforcement given at 10 sec triggered a reset com-
mand, which was triggered again when reinforcement was deliv-
ered at 30 sec.

In terms of the neurobiological basis for the reset command,
our proposal is that the release of a pulse of dopamine from the
SNc to the striatum serves both as an unconditioned stimulus
(US) and as a discriminative cue or conditioned stimulus (CS),
that predicts the next time of reinforcement to be ∼25 sec (or ∼77
sec for the 90-sec condition). This proposal is consistent with the
finding that when a CS becomes a reliable predictor for the US,
the CS itself acquires the ability to trigger a burst of dopamine
release from the mid-brain (Schultz et al. 1997; Schultz 1998). It
also fits well with the observation that dopamine neurons report
an error in the temporal prediction of reward (Hollerman and
Schultz 1998), a finding that is integral to the SBF model of in-
terval timing in terms of providing support for the neurophar-
macological basis of the reset command. However, in the case of
the CHO + NIC rats, they clearly did not adopt a reset rule when
they encountered reinforcement at 10 and 30 sec; instead, they
accurately produced peak times centered around the correct cri-
terion times (e.g., 10, 30, and 90 sec) without showing any evi-
dence of a memory mixing effect. To account for the absence of
memory-mixing effect, either they adopted a “run” rule and con-
tinued to operate their clock before, during, and after receiving
reinforcement at 10 and 30 sec, or they had an increased capacity
to simultaneously time three different intervals, which exempted
them from issuing unnecessary reset commands (see Meck and
Williams 1997b). The possible up-regulation of �7 nAChR-
binding sites induced by prenatal CHO + NIC supplementation
(see Hagino and Lee 1985; Morley and Garner 1986, 1990; Mor-
ley and Fleck 1987; Morley and Happe 2000) may allow for the
withholding of reset commands directed toward specific cortico-
striatal circuits that are associated with different temporal criteria
(see Bamford et al. 2004; Matell and Meck 2004; Morris et al.
2004). Such selective resetting would allow CHO + NIC rats to
keep their clock(s) running after encountering early reward de-
liveries in the Tri-Peak procedure. This proposal is reminiscent of
the observation that lesions of the frontal cortex prevent rats
from timing multiple durations simultaneously, but still allows
them to time one interval at a time (Olton et al. 1988). In the
present case, the hypothesized up-regulation and/or modifica-
tion of �7 nAChRs allows for further independence in the timing
of multiple durations through the selective resetting of cortico-
striatal circuits.

Numerous studies have reported that nicotine is a potent
neuroteratogen that disrupts brain development by stimulating
nAChRs that control neural cell replication and differentiation–
typically leading to impairments of learning and memory in
adulthood (e.g., Sershen et al. 1982; Slotkin et al. 1987a,b; Ribary
and Lichtensteiger 1989; Sorenson et al. 1991; Seidler et al. 1992;
Yanai et al. 1992; Vaglenova et al. 2004). Virtually all of these
previous studies utilized considerably higher doses of maternal
nicotine treatment (e.g., 6 mg/kg/day) compared with the 2 mg/
kg/day dose used in the present study, which is more comparable

to studies reporting beneficial effects of prenatal nicotine admin-
istration on adult cognition (e.g., Cutler et al. 1996; Levin et al.
1996b; see also Zhou and Suszkiw 2004). Interestingly, Slotkin et
al. (2005) recently reported that prenatal choline administration
can ameliorate some of the deleterious effects of high-level pre-
natal nicotine exposure on brain bio-markers in rhesus monkeys.

The negligible effect of administering MLA prenatally and
its ability to block the cognitive-enhancing effects of prenatal
choline + nicotine administration observed in the present study
suggest that some of the functions of the �7 nAChR are unidi-
rectional rather than bidirectional. For example, in a related
series of experiments, the absence of the �7 nAChR in Acra7-
deficient mice did not impair basic learning and memory pro-
cesses as indexed by performance in tests of Pavlovian-
conditioned fear, spatial learning in the Morris water maze, open
field and exploratory activity, acoustic startle, and prepulse in-
hibition of the acoustic startle response (Paylor et al. 1998). In
contrast, stimulation of the �7 nAChR with the novel agonist
AR-R17779 improved learning and memory in control rats and
rats with fimbria–fornix transections tested on an 8-arm radial
maze (Levin et al. 1999).

Previous research has documented the roles of muscarinic
acetylcholine receptor agonists and antagonists as well as the
effects of damage to the cholinergic connections between the
medial septal area and hippocampus and the nucleus basalis and
frontal cortex on interval timing and temporal memory (Meck
1996, 2002a). The general observation has been that these ma-
nipulations can alter the content of temporal memory by modu-
lating the speed of transfer of clock readings into temporal
memory. Thus, the physical durations of events can be misrep-
resented in memory as being proportionally shorter or longer
depending upon the effective levels of acetylcholine in the hip-
pocampus and frontal cortex (e.g., Meck 1983, 1996, 2002a,b;
Meck and Church 1987a,b; Meck et al. 1984, 1987; Olton et al.
1988). The present results, however, are the first to document a
specific role for nicotinic mechanisms in clock resetting and tem-
poral memory.

In conclusion, a small but significant enhancement of tem-
poral precision was obtained by providing prenatal choline or
nicotine supplementation to rats later trained as adults in the
Tri-Peak procedure. Furthermore, the co-administration of pre-
natal choline and nicotine was observed to produce a synergistic
effect, such that rats in the CHO + NIC treatment group showed
the highest level of temporal precision with regard to all three
criterion durations (e.g., 10, 30, and 90 sec). In addition, the
ability to selectively control the clock’s “reset” mechanism for
each of the three durations was found to reliably occur only for
rats in the CHO + NIC treatment group. This degree of behavioral
independence among the different times of reward within a trial
suggests that these rats were able to time each of the durations
using a different clock. Interestingly, the cognitive-enhancing
effects observed in the CHO + NIC rats, both increased precision
and selective resetting, were completely abolished by prenatally
coadministering MLA, a selective �7 nAChR antagonist. The ob-
servation that MLA co-administration blocked the cognitive-
enhancing effects of prenatal choline and/or nicotine adminis-
tration suggests that these substances produce their facilitative
effects through the regulation of �7 nAChRs in the developing
brain and that these effects on brain and behavior are long last-
ing (see Meck and Williams 2003).

Materials and Methods

Rats
Thirty-six litters of timed-pregnant Sprague-Dawley Crl:
CD(SD)BR-CD strain rats (Charles River Laboratories) were
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used to generate six groups of prenatally treated male
rats (n = 48): Control (CON), Choline (CHO), Nicotine
(NIC), Choline + Nicotine (CHO + NIC), Methyllycaconitine
(MLA), and Choline + Nicotine + Methyllycaconitine
(CHO + NIC + MLA). Upon arrival at our laboratory, the preg-
nant dams were given a modified AIN-76A purified diet (Dyets
Inc.) with 1.1 g/kg choline chloride substituted for choline bitar-
trate and water ad libitum.

Prenatal nicotine and methyllycaconitine (MLA) treatments
were given by anesthetizing the dams with ether and subcutane-
ously implanting Alzet osmotic minipumps (Model 2ML2–Alza)
between the scapulae. Twelve dams were given NIC-containing
pumps, six were given MLA-containing pumps, six were given
NIC + MLA-containing pumps, and 12 were given saline-
containing pumps. Nicotine ditartrate (Sigma) was administered
in a dose of 2 mg/kg/day and methyllycaconitine (Sigma) was
administered in a dose of 20 mg/kg/day. The dose refers to the
weight of the base. The dams were implanted on ED 9. According
to information supplied by the manufacturer, the 2ML2
minipumps deliver 4.84 µL/hour with a standard deviation of
5.2% for ∼16.7 d. (See Levin et al. 1996b for additional details
concerning the use of osmotic minipumps for prenatal drug ad-
ministration.)

Half of the dams in the NIC and saline osmotic minipump
conditions, as well as all of the dams in the NIC + MLA condi-
tion, were also given prenatal choline supplementation in order
to produce the CHO, CHO + NIC, and CHO + NIC + MLA treat-
ment groups. Prenatal choline treatment was given by adding a
25-mM solution during ED 11–17 via saccharine-sweetened
drinking water (50 mM). Based on water consumption, the aver-
age choline dose for supplementation of the dams during gesta-
tion was 250 mg/kg/day. Dams of the offspring to later be in-
cluded in the NIC and CON treatment groups received saccha-
rine-sweetened drinking water with no added choline. There
were no significant differences in the amount of diet or water
consumed by the dams in the different treatment groups,
P’s < 0.05. (See Jones III et al. 1999 for additional details concern-
ing prenatal choline supplementation.)

At birth, all pups were randomly divided among untreated
foster mothers (12 pups/litter) such that each dam raised two
male pups from each condition. All pups were weaned at PD 25,
after which rats were housed in pairs and given free access to the
modified AIN-76A diet and water.

Behavioral training began at ∼4 mo of age. One week prior to
the start of training, the rats were placed on a 24-h food depri-
vation schedule, during which they were fed ∼12 g/day of the
purified diet (AIN76A) during a single daily feeding in order to
maintain them at 80%–85% of their free-feeding weights
throughout the experiment. A 12-h light/12-h dark cycle was
maintained in the vivarium with fluorescent lights on from 8:00
to 20:00 EST.

Apparatus
All experimental data were collected in 12 operant-conditioning
chambers constructed of an aluminum front wall and three Plexi-
glas slide walls and ceiling. The floor was constructed of stainless
steel parallel bars with a drop tray underneath. Three response
levers were evenly spaced across the front wall of the chamber,
2.5 cm above the grid floor. A pellet dispenser delivered 45-mg
food pellets (Noyes Precision, Formula A; P.J. Noyes) to a food
cup located in the middle of the front wall and below the levers.
A 2.5-cm Sonalert (P.R. Mallory & Co.), calibrated to 93 dB with
respect to background, was mounted on the front wall of the cham-
ber above the food cup. A 6 W houselight was located on the ceil-
ing and was illuminated throughout the session. Each operant
conditioning chamber was housed inside a light and sound-
insulated box, and was equipped with a ventilation fan and an
eyepiece viewer for observation. An IBM-PC compatible com-
puter attached to an electronic interface was used to control the
experimental equipment and record the behavioral responses.

Behavioral procedures
Pretraining (sessions 1–6)
All rats received six sessions of combined magazine and lever
training. During these sessions, a food pellet was delivered once
a minute for 60 min. In addition, one of the side response levers
was primed until 15 responses were made on that lever, at which
point the middle response lever was primed for 15 responses, and
finally, the other side lever was primed for 15 responses. During
the time that the side levers were primed, the primed lever was
retracted for a 1-sec period 2 sec before free-pellet delivery. The
direction in which the levers were primed (e.g., left lever, middle
lever, right lever) was based on the eventual direction of the
“short,” “medium,” and “long” duration-associated responses in
the final procedure (see below). This procedure was repeated un-
til the rat pressed each lever 30 times or 60 min had passed, thus
ending the session. The houselight illuminated the chamber
upon completion of the session.

FI training in increasing-duration order (sessions 7–12)
Sessions began with the illumination of the houselight and onset
of a 93-dB tone. A 10-sec FI was scheduled upon either the right
or left response lever (counterbalanced across rats). The first re-
sponse after 10 sec was reinforced with a 45-mg Noyes pellet and
the sound stimulus was turned off. After a 2-sec delay, which is
unique to this training phase only, the sound stimulus was
turned back on and a 30-sec FI schedule was imposed upon the
middle lever. Following reinforcement of this lever press, the
sound stimulus was again turned off for 2 sec. The sound stimu-
lus was then turned on again and a 90-sec FI was scheduled upon
the remaining side lever. After reinforcement was earned for this
lever, the sound was turned off and a random intertrial interval
(ITI–55-sec mean, range 40–70 sec) began. This procedure was
repeated for 95 min. The short within-trial break between the
increasing duration FIs were used to “move” the rat from one side
of the operant chamber to the other during the three FI trials. For
each FI duration, the trial would self-terminate if the rat did not
make a response after the criterion time and before three times
the criterion time plus a random 0%–20% of the 3� criterion
time (e.g., a 30-sec trial lasted anywhere from 90 to 108 sec).

FI training in random order (sessions 13–18)
Sessions were identical to those described above, with the excep-
tion that on any particular trial, the FI durations that would be
primed were randomly selected, and the full 55-sec ITI was insti-
tuted after every trial. In these trials, no indication was given to
the rat as to which FI values (e.g., 10, 30, or 90 sec) would be
selected on any particular trial and all combinations were equally
probable (e.g., one, two, or three different FIs could be primed on
a single trial). As a consequence, rats would begin each trial by
orienting themselves in front of the “short” lever. If responding
on this lever did not pay off, the rat would then switch to the
“middle” lever. If reinforcement failed to be primed on this lever,
the rat would switch to the “long” lever, for which responding
would be reinforced following the 90-sec criterion. All trial types
were selected with equal probability. (Fig. 3)

Tri-Peak training sessions (sessions 19–50)
These sessions were identical to the FIs in random order, with the
exception that a nonreinforced “probe” trial was added to the
trial types randomly selected for each trial. These nonreinforced
probe trials lasted for the same length of time as the self-
terminating 90-sec FI trials (e.g., 270–330 sec).

Data analysis
For each rat, responses recorded for each of the three levers/
criterion durations were averaged over the last 10 sessions of
steady-state training and normalized as a function of each lever’s
maximal response rate. Tri-Peak functions for each group were
obtained by calculating the mean response function for each
treatment condition and then renormalizing the mean function
as a percent of the maximum response. Statistical measures of the
Tri-Peak functions were derived by fitting each rat’s data with a
Gaussian curve + linear ramp function, with the mean of the
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fitted Gaussian function being used as a measure of the peak
time, and the width of the normalized Gaussian function at the
60th percentile serving as a measure of spread. ANOVA’s were
conducted on these Tri-Peak measures, conditional upon the
temporal sequence of reinforcement as a function of treatment
condition. Post hoc comparisons were conducted by using Fish-
er’s Protected LSD tests.
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