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INTRODUCTION

Emotional distracters impair cognitive function. Emotional processing is dysregulated
in affective disorders such as depression, phobias, schizophrenia, and post-traumatic
stress disorder (PTSD). Among the processes impaired by emotional distracters, and
whose dysregulation is documented in affective disorders, is the ability to time in the
seconds-to-minutes range, i.e., interval timing. Presentation of task-irrelevant distracters
during a timing task results in a delay in responding suggesting a failure to maintain
subjective time in working memory, possibly due to attentional and working memory
resources being diverted away from timing, as proposed by the Relative Time-Sharing
(RTS) model. We investigated the role of the prelimbic cortex in the detrimental effect
of anxiety-inducing task-irrelevant distracters on the cognitive ability to keep track of
time, using local infusions of norepinephrine and dopamine reuptake inhibitor (NDRI)
nomifensine in a modified peak-interval procedure with neutral and anxiety-inducing
distracters. Given that some anti-depressants have beneficial effects on attention
and working memory, e.g., decreasing emotional response to negative events, we
hypothesized that nomifensine would improve maintenance of information in working
memory in trials with distracters, resulting in a decrease of the disruptive effect of
emotional events on the timekeeping abilities. Our results revealed a dissociation of
the effects of nomifensine infusion in prelimbic cortex between interval timing and
resource allocation, and between neutral and anxiety-inducing distraction. Nomifensine
was effective only during trials with distracters, but not during trials without distracters.
Nomifensine reduced the detrimental effect of the distracters only when the distracters
were anxiety-inducing, but not when they were neutral. Results are discussed in relation
to the brain circuits involved in RTS of resources, and the pharmacological management
of affective disorders.
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when the current time (in working memory) is much larger than

Attentional and working memory resources are crucial for the
ability to keep track of time in the seconds-to-minutes range, i.e.,
interval timing (Buhusi and Meck, 2009a). The time keeping abil-
ity, and the effect of distracters on timing, can be tested within the
Peak Interval (PI) procedure. Within the internal clock paradigm
(Gibbon et al., 1984) (Figure 1, left panel), regular pulses emit-
ted by a pacemaker, accumulate and are temporarily stored in
working memory. Upon the subject being rewarded at the crite-
rion (objective) time, the number of pulses in working memory
(subjective time) is stored in reference memory. Responses are
generated based on the ratio comparison between the number
of pulses in working and reference memory. In trained subjects,
responding is low at the beginning of the trial, reaches its peak
about the time subjects are rewarded, and decreases afterward,

the criterion time (stored in reference memory). However, pre-
sentation of task-irrelevant distracters during the PI procedure
results in a delay in responding (Buhusi and Meck, 2009a; Buhusi,
2012), suggesting a failure to maintain subjective time in working
memory, possibly due to the attentional and working memory
resources being diverted away from timing toward processing
the distracter (Figure 1). According to this Relative Time-Sharing
(RTS) model (Buhusi, 2003; Buhusi and Meck, 2009a), distracters
result in a difference between the subjective (perceived) time and
the objective time, thus explaining why “time flies when you are
having fun,” but also how food gets burnt when little attention is
paid to cooking.

Resource re-allocation is exacerbated by anxiety-inducing
task-irrelevant distracters, resulting in impairing effects. For
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FIGURE 1 | Relative Time-Sharing model. The Relative Time-Sharing model
assumes that timing and emotional processing are concurrent processes
which share working memory and attentional resources. Task-irrelevant
emotional events are assumed to take away working memory and attentional

—

resources from timing; without resources, timing is delayed. Since emotional
events seem to have a sustained (long-lasting) effect on resource allocation,
interval timing could be delayed considerably by emotional events (modified
from Buhusi, 2012).

example, when asked to keep a face in working memory (pri-
mary task), the presentation of emotional faces (secondary task)
impaired recognition memory (Dolcos and McCarthy, 2006).
Indeed, the amygdala is strongly activated during emotional
distracters and the dorso-lateral prefrontal cortex (dIPFC) is deac-
tivated during emotional distracters (Dolcos and McCarthy, 2006;
Pessoa, 2008; Denkova et al., 2010), thus decreasing resources
allotted to the primary task. Similarly, the presentation of emo-
tionally charged distracters during the uninterrupted to-be-timed
signal results in a considerable delay in responding relative to neu-
tral distracters (Aum et al., 2004; Brown et al., 2007). According
to the RTS model, anxiety-inducing distracters divert attentional
and working memory resources away from timing (Figure 1, left
panel) to emotional processing (Figure 1, right panel) (Schirmer,
2011), thus reducing the ability to maintain the subjective time in
working memory (Buhusi, 2003; Buhusi and Meck, 2009a). These
task-irrelevant emotionally charged distracters would effectively
keep timing “shut off” (time not stored in working memory)
until emotional processing ceases (Schirmer, 2011), thus delaying
timing for considerably longer durations than neutral distracters
(Aum et al., 2004; Brown et al., 2007).

Conversely, when the emotional variable is embedded within
the primary task, emotion enhances processing of the primary
task. For example, when asked to discriminate between a long
or a short presentation of an (emotional) face, human partici-
pants perceive angry emotional faces as being of longer duration
than neutral faces (Droit-Volet and Meck, 2007), possibly due to
re-allocation of resources toward the timed emotional stimulus:
angry-looking faces increase amygdalar activation compared to
happy faces (Davidson and Irwin, 1999), and may increase atten-
tion to the timed stimulus, thus facilitating time accumulation.
In turn, selective attention to anxiety-inducing stimuli is abol-
ished by inactivation of the amygdala, particularly baso-lateral
amygdala (BLA), and may enhance time processing. For exam-
ple, BLA lesions enhance the ability of rats to simultaneously time
an aversive and an appetitive stimulus, due to the reduced fear

disruption of dividing attention (Meck and Macdonald, 2007).
Thus, emotion may have both impairing and enhancing effects
on time processing (Macdonald and Meck, 2004; Droit-Volet
and Meck, 2007; Etkin and Wager, 2007; Meck and Macdonald,
2007).

Learning and memory abilities are altered in patients with
depression, PTSD, schizophrenia, and phobias (Davidson and
Irwin, 1999; Rose and Ebmeier, 2006; Etkin and Wager, 2007;
Gohier et al., 2009; Amir and Bomyea, 2011). A recent line
of pharmacological treatment for these disorders involves nore-
pinephrine and dopamine reuptake inhibitors (NDRIs), which
indirectly increase neurotransmission in the noradrenergic (NE)
and dopaminergic (DA) pathways. In turn, both DA and NE
modulate the internal clock (Buhusi and Meck, 2010). DA ago-
nists speed-up, and DA antagonists slow-down timing (Buhusi
and Meck, 2002, 2005; Matell et al., 2004, 2006; Taylor et al.,
2007; Coull et al., 2011). Moreover, NE modulates interval tim-
ing in both human participants (Rammsayer et al., 2001) and
rodents (Penney et al., 1996). Nevertheless, the specific roles of
DA and NE in interval timing at various brain sites are less
understood.

Here we investigate the role of the prelimbic cortex in the detri-
mental effect of anxiety-inducing task-irrelevant distracters on
the cognitive ability to keep track of time, in a modified version
of the PI procedure with distracters (Buhusi and Meck, 2006),
where emotionally charged auditory distracters were presented
during the uninterrupted to-be-timed visual signal (Brown et al.,
2007). As in previous studies (Aum et al., 2004; Brown et al.,
2007), we expected the anxiety-inducing distracters to have detri-
mental effects on timing, and to delay responding much longer
than when the distracters were neutral (Buhusi, 2012). We also
hypothesized that interval timing and working memory for time
depend on the NE and DA systems (Buhusi and Meck, 2002,
2005, 2009a; Coull et al., 2011). Therefore, local infusions of
NDRI nomifensine in prelimbic cortex were expected to alter NE
and DA transmission (Robinson and Wightman, 2004; Masana
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et al., 2011), and affect both clock speed (in trials without dis-
tracters) and maintenance of working memory for time (in trials
with distracters). Given that some anti-depressants have ben-
eficial effects on attention and working memory (Rammsayer
et al,, 2001), e.g., decreasing emotional response to negative
events (Masana et al., 2011), we anticipated that nomifensine
would improve maintenance of information in working mem-
ory in trials with distracters, resulting in a decrease in the dis-
ruptive effect of emotional events on the cognitive ability of
timekeeping.

MATERIALS AND METHODS

SUBJECTS

Twenty-two naive Sprague-Dawley male rats, 300-350g (3
months old at the beginning of the experiment) were housed
individually in a temperature-controlled room, under a 12/12h
light-dark cycle, with water given ad libitum. Rats were main-
tained at 85% of their ad libitum weight by restricting access
to food (Rodent Diet 5001, PMI Nutrition International, Inc.,
Brentwood, MO). All experimental procedures were conducted
in accordance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals (1996).

APPARATUS

The apparatus consisted of 12 standard rat operant chambers
(MED Associates, St. Albans, VT) housed in sound attenuating
cubicles, of which four were used for fear conditioning and the
other eight for interval timing. An auditory stimulus was first
used during fear conditioning in the fear conditioning chambers,
then later used as an anxiety-inducing distracter during the tim-
ing task in the timing chambers. The fear conditioning chambers
and the interval timing chambers were made distinctive as fol-
lows: the fear conditioning chambers contained a dipper entry
space for a liquid dipper (not used in the experiment); no lever
was inserted in the boxes at any time; no food was given inside
these chambers; pine pellets (Feline Pine Cat Litter, West Palm
Beach, FL) were placed in the waste pan. In contrast, the inter-
val timing chambers contained four nose pokes (not used in the
experiment) and a lever; food was provided for lever-pressing at
the right time; the bedding used in these boxes was cedar shavings
(Grreat Choice, Phoenix, AZ).

In the fear conditioning chambers the grid floor was connected
to shockers and scramblers controlled by a Med Associates inter-
face, generating a 1s 0.85 mA foot shock. The fear conditioning
stimulus was an 85dB white noise produced by a white-noise
generator (MED Associates, St. Albans, VT). The intensity of the
distracter was measured with a sound-level meter (Realistic Radio
Shack, Model 33-2050) from the center of the silent box.

The interval timing chambers were equipped with a single
fixed lever situated on the front wall of the chamber. According
to the schedule, 45 mg precision food pellets (PMI Nutrition
International, Inc., Brentwood, MO) were delivered in a food cup
situated on the front wall, 1 cm above the grid floor, under the
center lever, by a pellet dispenser. The to-be-timed visual stimulus
was a 28 V 100 mA house light mounted at the center-top of the
front wall. The auditory distracter was an 85 dB white noise pro-
duced by a white-noise generator (MED Associates, St. Albans,

VT) mounted on the opposite wall from the response levers.
A 66dB background sound produced by a ventilation fan was
present throughout the session.

BEHAVIORAL TRAINING

For details of training and testing in the peak-interval timing
procedure with distracters, see Buhusi and Meck (2006). For
details of training and testing with emotional distracters in the
peak-interval timing procedure, see Brown et al. (2007). Relevant
details are given below.

FIXED-INTERVAL (FI) TRAINING

All timing sessions were conducted in the eight timing chambers.
After being shaped to lever press, rats received five daily sessions of
fixed-interval (FI) training, during which the first lever press 40's
after the onset of the visual signal was reinforced by the delivery
of a food pellet and turned off the house light for the duration of
arandom 120 =+ 30s inter-trial interval (ITT).

PEAK-INTERVAL (P1) TRAINING

Afterward, rats received five sessions of peak-interval training
during which FI trials were randomly intermixed with non-
reinforced PI trials in which the visual signal was presented for a
duration three times longer than the FI, before being terminated
irrespective of responding. Trials were separated by a 120 =30
random ITTs.

FEAR CONDITIONING

Rats were randomly assigned to two groups. Rats in the FEAR
group were placed in the fear conditioning chambers, where they
received six pairings of a 5s white noise and a 1s 0.85mA foot
shock, separated by random intervals (2—6 min long). Rats in the
CTRL group were placed in the fear conditioning chambers for an
equivalent amount of time, where they received six presentations
of the 5s white noise separated by random intervals (2-6 min
long) (no foot shock). Rats received two 30 min sessions of fear
conditioning, one before and one after the surgery (Brown et al.,
2007).

SURGERY

During aseptic surgery under isoflurane anaesthesia, 26-gauge
bilateral cannula guides (PlasticsOne, Roanoke, VA) were
implanted aiming at the prelimbic cortex (AP 2.5mm, ML +
0.6 mm, DV —3.5mm) (Paxinos and Watson, 1998) and embed-
ded in dental cement. Rats were given at least 3 days to recover
from surgery before retraining began again. Data (available, but
not shown) indicated that rats responded reasonably well post-
recovery. Rats were given six sessions of PI re-training before any
local infusions began.

FREEZING BEHAVIOR TESTING AND RE-TRAINING

Rats in the FEAR group were placed in the fear conditioning
chambers where they received two presentations of the noise in
extinction followed by two noise-shock pairings, at 4 min inter-
vals. The session lasted 20 min. For rats in the CTRL group,
the white noise stimulus was not paired with the foot shock.
Behavior was recorded and freezing behavior was scored by
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two-independent observers in 2.5 s bins. The percent agreement
score between the two observers was 89.64 & 1.25 percent. Fear
conditioning testing and re-training was followed by one session
of PI re-training, as described above.

LOCAL INFUSIONS

Cannulae injectors aiming at mPFC were lowered into the can-
nula guides, extending 1 mm below the guides. Rats received
intracranial injections of either saline or norepinephrine and
dopamine reuptake inhibitor (NDRI) nomifensine (nomifensine
maleate salt, Sigma Aldrich, St. Louis, MO), dissolved in 45%
cyclodextrin (methyl-beta-cyclodextrin, Sigma Aldrich, St. Louis,
MO). Rats received microinjections of 0.5 L nomifensine solu-
tion (4 pg/side) or saline, bilaterally, at a rate of 0.25 wL/min,
over 2min, followed by a 2min interval to allow the drug to
infuse the tissue. Five minutes afterward, rats were placed into
the timing chambers for testing in a timing sessions with noise
(see next paragraph). Infusion sessions were separated by three
no-drug sessions as follows: one post-drug PI re-training session,
one fear conditioning testing and re-training session, and one
post-fear conditioning PI re-training session. The order of drug
infusion (saline or nomifensine) was counterbalanced between
animals.

TIMING SESSIONS WITH NOISE AND DRUG INFUSION

Five minutes after drug infusion, rats received two consecutive
1.5 h sessions of interval timing testing, during which rats received
20 FI and 14 PI trials randomly intermixed with 6 PI trials with
noise (PT + N). PI 4 N trials were similar to PI trials, except that
the 5 s white noise was presented (during the uninterrupted visual
to-be-timed stimulus), 5 s from the onset of the trial.

HISTOLOGY

Rats were anesthetized with isoflurane overdose and transcar-
dially perfused with formalin; their brains were collected and
sectioned on a vibratome. Sixty-micron sections were placed on
slides and stained with sky-blue for histological analyses. Three
rats were eliminated due to incorrect cannula placement; two rats
lost their cannulae before testing was completed and were elimi-
nated from the study (CTRL n = 6, FEAR n = 11) (Figure 2).

DATA COLLECTION AND ANALYSIS

The experimental procedures were controlled through a MED
Associates interface connected to an IBM-PC compatible com-
puter running a MED-PC software system (MED Associates,
1999). Lever presses were recorded in real time. Lever presses from
PI and PI + N trials from the first 1.5h test session with drug
infusion were used to estimate the peak time, peak rate, and preci-
sion of timing (width of the response functions) for each rat. The
number of responses (in 4 s bins) was averaged daily over trials, to
obtain a mean response rate function for each rat. Analyses were
conducted on the data from a 100s interval-of-interest starting
at the onset (for PI trials) or 20s from the onset of the to-be-
timed signal (for PI + N trials). The average response rate in
the interval-of-interest was fit using the Marquardt-Levenberg
iterative algorithm (Marquardt, 1963) to find the coefficients
(parameters) of a Gaussian + linear equation that gave the best

Bregma 2.20 mm Cgi™

P\rl;_\
[ Olo

Bregma 2.70 mm

i

Bregma 3.20 mm

Bregma 3.70 mm

FIGURE 2 | Histology. Cannula placements in the present experiment.
Only rats with injections in the prelimbic cortex were used in the
experiment (CTRL n= 6, FEAR n=11).

fit (least squares minimization) between the equation and the
data (Buhusi and Meck, 2000). The algorithm provided the fol-
lowing parameters of the response curve: the accuracy of timing
(peak time), precision of timing (width of response function),
and peak rate of response (for details see Buhusi and Meck,
2000).

To further investigate the effect of the presentation of the noise
and the effect of the drug on the dynamics of timing behavior,
individual-trial analyses were performed as described in (Church
et al., 1994; Swearingen and Buhusi, 2010). Briefly, during indi-
vidual trials, the distribution of lever presses can be approximated
by a low-high-low function. Analysis algorithms described in
(Swearingen and Buhusi, 2010) were used to extract the start and
stop times during individual trials. The start time is the time point
at which there is a significant increase in response rate during
the trial (at the transition from the low to high states). The stop
time is the point during the trial at which there is a significant
decrease in response rate (at the transition from the high to low
states). Trials without temporal control (about 20% of total tri-
als) were eliminated from individual-trial analyses based on the
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very conservative criteria defined in (Church et al., 1994), except
for PI + N trials in the FEAR group: to accommodate for the dis-
ruption in response caused by the presentation of the noise, in
PI + N trials in the FEAR group analyses were conducted on data
after the noise [in the interval-of-interest (20-120s), same inter-
val as for the curve fitting analysis, see above] and there were no
exclusion criteria for start time.

The dependent variables peak time, width of function, start
time, stop time, and the coefficient of variation (CV) of the start
and stop times were submitted to mixed ANOVAs with indepen-
dent between-subject variable group (FEAR, CTRL) and within-
subject variables trial type (PI, PI + N) and drug (SAL, NOM),
followed by planned comparisons. Statistical tests were evaluated
at a significance level of 0.05.

RESULTS

LONG-LASTING EMOTIONAL RESPONSE TO THE FEAR-INDUCING
EVENT

Rats’ emotional response in the fear context before and after
the noise was measured during freezing behavior testing and re-
training sessions, as shown in Figure 3. Before the noise occurred,
both the CTRL and FEAR groups show similar low levels of freez-
ing, all ts(15) < 1.62, p > 0.12. Moreover, no freezing behavior
was shown after the noise when the noise was not paired with the
foot-shock (CTRL rats), all ts5 < 1.19, p > 0.14. In contrast,
when the noise was emotionally charged by being paired with
foot shock (FEAR group), rats showed reliable freezing behav-
ior following the presentation of the noise in extinction (without
shock presentation), all fss5) > 3.98, p < 0.001. Interestingly,
the strong levels of freezing (e.g., 87.5% during the noise) lasted
for several minutes after the noise ended (see Figure3), and

decreased slowly to baseline levels before the next presentation
of the noise. This long-lasting effect of the presentation of the
emotionally charged event (FEAR group), explains the consider-
able delay in timing by the presentation of the same fear-inducing
event in the timing context, see below.

NO EFFECT OF TREATMENT ON VARIABILITY OF TIMING (WIDTH OF
THE RESPONSE FUNCTION)

The average maximum percent response rate functions in PI
and PI + N trials, with and without auditory distracter are
shown in Figure 4. These results suggest that, the variability in
timing (width of the timing function) is not affected by either
treatment. Indeed, a mixed ANOVA of the width of the timing
functions with between-subject variable group (FEAR, CTRL)
and within-group variables drug (SAL, NOM) and trial type (P,
PI + N), failed to indicate any reliable main effects or interactions,
all Fs(1, 15) < 0.95, p > 0.35, suggesting that neither nomifen-
sine nor the distracter had any reliable effects on variability of
response in either group. In short, the treatments simply shifted
the timing functions without changing their width. Therefore, for
the remainder of the paper, we will focus only on the effect of
treatment on timing (i.e., on the peak time).

NO EFFECT OF NOMIFENSINE ON TIMING IN PI TRIALS (WITHOUT
DISTRACTER)

The average maximum percent response rate functions in PI
trials (without auditory distracter) are shown in the left pan-
els of Figure4. Under saline, the PI timing functions peaked
at 36.51 £2.21s in FEAR rats, and at 35.25 £+ 1.46s in CTRL
rats. Under nomifensine, the PI timing functions peaked at
34.69 + 1.39s in FEAR rats, and at 36.92 + 2.34 s in CTRL rats,

NOISE

100

75

Freezing (%)

25

0

30 20 -1 2 30 40 50 60

FIGURE 3 | Long-lasting freezing behavior following the presentation of
the auditory distracter in the FEAR, but not CTRL rats. Average percent
freezing behavior (=SEM) in the fear conditioning context during freezing
behavior testing and re-training sessions, before, during, and after the
presentation of the noise (in extinction, no shock). Unlike CTRL rats, FEAR
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rats show reliable, long-lasting freezing behavior after, but not before the
presentation of the noise. Empty symbols show time where emotional
response (freezing behavior) did not differ reliably between FEAR and CTRL
rats, p > 0.05. The gray bar indicates the presentation of the auditory
distracter.
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FIGURE 4 | Effect of nomifensine infusion on average timing functions.
Average maximum percent response (lever pressing) rate in rats trained to
time a 40 s criterion signaled by a visual stimulus when presented with a
neutral distracter (CTRL group, upper panels) or an emotionally charged
distracter (noise previously paired with foot shock, FEAR group, lower
panels). Left panels: Peak interval (Pl) trials (without noise): nomifensine has

CTRL PI+N
100

0 40 80

Time (% criterion)

120

no reliable effects in either group. Right panels: Peak interval with noise (Pl +
N) trials (with noise): when emotionally charged (FEAR group), the distracter
shifts the response function rightward considerably relative to neutral events
(CTRL); nomifensine reduces the delaying effect of the distracter only when
the distracter is emotionally charged (FEAR group). The gray bars indicate the
presentation of the auditory distracters.

suggesting that nomifensine had no specific effects relative to
saline. Although reliably lower than 40s for both saline and
nomifensine, all ts > 2.63, p < 0.05, the estimated peak times
were relatively close to the criterion time, indicating that rats
acquired the timing task. Indeed, a mixed ANOVA of peak time
with between-subject variable group (FEAR, CTRL) and within-
group variable drug (SAL, NOM) failed to indicate reliable effects
of group, drug, or interactions, all Fs(1, 15) < 0.73, p > 0.41, sug-
gesting that nomifensine had no reliable effects in trials without
noise distracter (PI trials) in either group.

THE AUDITORY DISTRACTER DELAYS TIMING ONLY WHEN IT IS
FEAR-INDUCING

The top-right panel of Figure 4 indicates that the presentation
of the noise has no effect on timing when the distracter was
neutral (CTRL group). The PI+ N timing functions peaked
at 38.42 4+ 3.38s under saline, and at 32.44 £+ 3.61s under
nomifensine, not significantly different from the 40s criterion,
all ts < 2.09, p > 0.05. In contrast, as seen in the bottom-right
panel of Figure 4, responding was considerably delayed by the
presentation of the fear-inducing distracter under both saline and
nomifensine, relative to trials without the distracter. In the FEAR
group, the PI + N timing functions peaked at 69.77 £ 5.50s
under saline, and at 56.83 &+ 3.19 s, under nomifensine. The dif-
ference between groups was confirmed by a mixed ANOVA of
peak time in PI 4 N trials, with between-subject variable group

(FEAR, CTRL) and within-group variable drug (SAL, NOM)
which indicated a reliable main effect of group, F(1, 15) = 38.0,
p < 0.001, suggesting that the distracter has a reliably different
effect when it is emotionally charged or neutral.

To further investigate the differential effect of nomifensine
in the two groups in trials with distracters, relative to trials
without distracters, we computed and analyzed a delay in peak
time between the two trial types, as shown in Figure 5. Should
the distracter have no effect, the rats would continue to time
(run, delay = 0s). Should rats stop timing during the dis-
tracter, the delay would be equal to the duration of the noise
(stop, delay = 5s). Should rats restart timing after the dis-
tracter, the delay would be approximately equal to the duration
of the noise, 5s, plus the duration of the pre-distracter inter-
val, 5s (reset, delay = 10s). Results indicate no delay (run)
in the CTRL group, t;) = 1.01, p > 0.36, but a considerable
delay by an emotionally charged noise (FEAR group), beyond
a full reset of timing. Indeed, a mixed ANOVA with between-
subject variable group (FEAR, CTRL) and within-subject vari-
able drug (SAL, NOM) indicated a reliable effect of group,
F(L 15) = 43.88, p < 0.001, drug F(l, 15) = 5.83, p < 0.03, but
no drug x group interaction F(; 15 = 0.20, p < 0.66. In the
CTRL group, the neutral noise had no effect on delay (run),
t;sy = 2.01,p > 0.1.In contrast, in the FEAR group, the emotion-
ally charged noise significant delayed timing more than the reset
(over-reset), t(10) = 5.52, p < 0.001. These results are consistent
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FIGURE 5 | Average delay for trials with and without noise distracter.
Average peak time delay (+SEM) in trials with distracters (Pl + N) relative
to trials without distracters (Pl). Should the distracter have no effect, the
clock would continue to time (run, delay = 0s). Should the clock stop timing
during the distracter, the delay would be equal to the duration of the noise
(stop, delay = 5s). Should the clock restart timing after the distracter, the
delay would be equal to the duration of the noise, 55, plus the duration of
the pre-distracter interval, 5s (reset, delay = 10s). Rats ignored a neutral
distracter (CTRL). In contrast, rats overreset when the distracter is
emotionally charged (FEAR). Nomifensine reliably reduces the time delay.
*p < 0.05; **p < 0.01; ns, p > 0.05.

with those of Brown et al. (2007) and Aum et al. (2004), where
an emotionally charged distracter resulted in an over-reset of
timing.

NOMIFENSINE INFUSION REDUCES THE DELAY IN RESPONDING FOR
FEAR-INDUCING DISTRACTERS, BUT NOT FOR NEUTRAL DISTRACTERS
The data from Figure 5 also indicates that nomifensine reduces
the delay in peak time only when the noise is emotionally
charged (FEAR group). A mixed ANOVA of the delay time
between PI + N and PI trials with between-subject variable group
(FEAR, CTRL) and within-subject variable drug (SAL, NOM),
indicated a reliable effect of drug, F, 15) = 5.83, p < 0.05 (see
Figure 5). Planned comparisons indicated that in PI 4+ N trials,
nomifensine reliably decreases the delay in timing for the FEAR
group, F(i, 15) = 5.80, p < 0.05, but not in the CTRL group,
Fa, 15) = 1.49, p > 0.05. Moreover, in the FEAR group, the delay
under nomifensine is reliably smaller than under saline, yet larger
than reset, f(19) = 3.29, p < 0.01.

NO EFFECT OF NOMIFENSINE ON START AND STOP TIMES IN PI
TRIALS (WITHOUT DISTRACTER)

To further investigate the effect of nomifensine on the dynamics
of responding (lever pressing) in trials with and without noise, we
followed the observation that during individual trials the rate of
lever pressing has a low-high-low profile (Church et al., 1994).
Using algorithms described in Swearingen and Buhusi (2010),
we extracted and analyzed the start and stop times during indi-
vidual trials. Briefly, the start time is the time of transitioning
between the low and high state, and the stop time is the time

of transitioning between the high and low state, in that individ-
ual trial. The start and stop times in PI trials (without noise)
are shown in the left panels of Figure 6, suggesting that there
was no effect of nomifensine on start and stop times in PI tri-
als. The lack of effect of nomifensine on start and stop times is
PI trials was confirmed by mixed ANOVAs with between-subject
variable group (FEAR, CTRL), and within-subject variable drug
(SAL, NOM), which failed to indicate reliable effects of group,
drug, or interactions, all Fs(;, 15y < 1.73, p > 0.21 (see Figure6,
left panels).

The lack of effect of nomifensine in trials without noise (PI)
may have been due to large variations in response, for example,
in trials before and after trials with auditory distracter (PI + N).
Considering the relatively long-lasting freezing behavior follow-
ing the presentation of the noise (see Figure 3), rats were expected
to have large disruptions in response immediately after a PI + N
trial, but recover before the next PI + N trial. These differences in
responding before and after a PI 4 N trial may have resulted in
large variations in response, which may have obscured the effect
of the drug in PI trials. Therefore, we extracted and contrasted the
start and stop times in PI trials before and after PI + N trials, and
their coefficients of variation. However, analyses of start and stop
times and their coefficients of variation failed to indicate main
effects of the group, all Fs(;, 15) < 2.31, p > 0.15, the before-after
condition, all Fs(y, 15y < 3.24,p > 0.11, drug, all Fs(;, 15) < 0.45,
p > 0.51, or interactions, all Fs(j, 15y < 2.54, p > 0.13, suggest-
ing that the response in PI trials were relatively stable before and
after a PI + N trial. Thus, the lack of effect of nomifensine in
PI trials does not seem to be due to interference from trials with
distracters.

NOMIFENSINE SHORTENS BOTH START AND STOP TIMES AFTER
FEAR-INDUCING DISTRACTERS, BUT NOT AFTER NEUTRAL
DISTRACTERS

Mixed ANOVAs of start and stop times with between-subject
variable group (FEAR, CTRL), and within-subject variable drug
(SAL, NOM), indicated a reliable main effect of group, Fs(;, 15) >
58.49, p < 0.001. Planned comparisons indicated a reliable effect
of nomifensine on the start and stop times in the FEAR group,
Fs1, 15) > 6.66, p < 0.02, but not in the CTRL group, Fs(1, 15) <
0.09, p > 0.77, suggesting that infusion of nomifensine resulted
in a reliable decrease in both start and stop times only in FEAR
rats (see Figure 6, right panels).

DISCUSSION

This study was aimed at elucidating both the impact of fear-
inducing task-irrelevant distracters on interval timing, and the
role of the NE and DA modulation of the prelimbic cortex
in emotional processing of timed events. Our results suggest
a dissociation of the effects of nomifensine in the prelim-
bic cortex on interval timing, explained by resource allocation
(Relative Time-Sharing), after fear-inducing distraction, but not
after neutral distraction. Rats ignore low-salience neutral dis-
tracters (run), stop timing during the medium-salience neutral
distracters, and reset (restart timing from the beginning) after
high-salience neutral distracters (Buhusi and Meck, 2000, 2006;
Buhusi, 2012). Accordingly, the RTS model proposes that during
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neutral distracters, working memory for time decreases at a rate
proportional to the salience of the distracter (Buhusi, 2003, 2012;
Buhusi and Meck, 2009a). While some emotional distracters have
transient (short-lived) effects, like neutral distracters (Droit-Volet
and Meck, 2007), in our setting, the fear-inducing distracters
may have been very salient, because they considerably delayed
responding, beyond the reset (Aum et al., 2004; Brown et al,
2007), suggesting that resources are not returned back to timing
until long after the distracter has ended. This “post-cue” effect
(Aum et al., 2004; Brown et al., 2007) is consistent with our
finding that rats in the FEAR group show a long-lasting emo-
tional response long after the offset of the auditory distracter.
However, under nomifensine, the delay in responding was short-
ened, and rats started and stopped timing earlier, suggesting that
nomifensine decreased the fear-inducing effect of the distracter,
and facilitated the return of resources from emotional processing
back to interval timing.

Interestingly, nomifensine was effective only during trials with
distracters (PI + N), but not during trials without distracters
(PI trials), suggesting that at the current dose (4 g/side) the
drug does not change the speed of an internal clock. This find-
ing is rather surprising, considering the strong DA modulation

by nomifensine, and the putative role of DA in the control of the
speed of an internal clock (Buhusi and Meck, 2010). Striatal infu-
sion of nomifensine elevates DA release, with effects on operant
behavior (Robinson and Wightman, 2004). Also, NE drugs are
thought to selectively enhance mesocortical DA, due to the co-
release of NE and DA at NE terminals (Masana et al.,, 2011). In
addition, NE transporter (NET) is not specific for NE, and allows
reuptake of DA as well. Therefore, blockage of both DAT and NET
by NDRIs allows for a much higher amount of DA and NE to
be released in medial prefrontal cortex (mPFC) (Masana et al.,
2011). Since systemic administration of DA drugs alters the speed
of an internal clock (Buhusi and Meck, 2005; Coull et al., 2011),
we expected that increasing DA availability by nomifensine infu-
sion to speed-up timing in PI trials, but this was not the case in
our study.

One possible explanation for the ineffectiveness of nomifen-
sine on the speed of an internal clock (in PI trials) is the increased
variation in response. For example, considering the relatively
long-lasting emotional response following the presentation of the
noise, rats could have had large disruptions in response in PI tri-
als that immediately follow a PI + N trial, but may have recovered
before the next PI 4+ N trial. This hypothesis was not supported
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by individual-trial analyses which failed to indicate differences in
start and stop times, and in their CVs, in PI trials before and after
PI + N trials. This finding mirrors that of Brown et al. (2007),
which found that the delaying effect of the distracter is limited to
trials with distracters, and does not “spill” into PI trials.

Nomifensine administration in mPFC was only effective in
distracter (PI + N) trials, and only when the distracter was fear-
inducing. Indeed, fear-inducing events have detrimental effects
on cognition, in accord with reallocation of resources between
the task at hand (e.g., interval timing) and emotional processing.
Emotionally charged events create a markedly different pattern of
activation within the ventral “emotional” and dorsal “executive”
systems (Davidson and Irwin, 1999; Dolcos and McCarthy, 2006;
Pessoa, 2008; Etkin et al., 2011; Johnson et al., 2011). Both fMRI
studies in human participants and lesion studies in rodents indi-
cate that emotional distracters produce working memory deficits
by altering the relative activity of the dorsal and ventral sys-
tems (Dolcos and McCarthy, 2006; Denkova et al., 2010). The
dorsal executive system is activated in working memory tasks
(such as interval timing) (Buhusi and Meck, 2005; Pessoa, 2008).
Impairing the function of the dorsal executive system results in
working memory deficits in both human participants (Dolcos
and McCarthy, 2006) and rodents (Kim et al., 2009). For example,
working memory performance is hindered in human participants
with decreased activation in dorsomedial and dorsolateral PFC
(Pessoa, 2008; Denkova et al., 2010). Similarly, deficits in inter-
val timing (which relies on working memory) have been reported
in rodents following temporary inactivation of mPFC (Kim et al.,
2009).

The dIPFC/mPFC is a “connectivity hub” which integrates
motivation and cognitive executive functions (Chiew and Braver,
2011), and where cognition and emotion interact (Pessoa, 2008).
Lesion studies indicate the importance of the frontal cortex for
both interval timing (Kim et al., 2009) and emotion (Sierra-
Mercado et al., 2011): rats with cortical lesions are unable to
simultaneously attend to two concurrent intervals being timed
(Olton et al., 1988). A similar effect was seen in rats presented
with emotional stimuli during timing; the disruption was blocked
by bilateral lesions of the amygdala (Meck and Macdonald, 2007).
On the other hand, emotional information reaches amygdala by
two pathways, a rapid but imprecise subcortical “low road,” and a
slower cortical “high road” which provides more elaborate cog-
nitive influences to be placed over emotional action (Ledoux,
2007; Johnson et al., 2011). The two tracts would act as two
different mechanisms differentially activated by the particular
arousal level (Droit-Volet and Meck, 2007; Chiew and Braver,
2011). A low arousal level would indicate attentional control; a
high arousal level would indicate that motivational-survival sys-
tems are controlling behavior automatically. A high arousal level
would increase the activation of the autonomic nervous system,
which is associated with increases in clock speed (Droit-Volet
and Meck, 2007). The two parallel tracts allow for the modula-
tion of activity in the amygdala and allow cognitive influences
to be placed over emotional action. The dIPFC/mPFC might
work as a mediator between the frontal executive functions and
the amygdalar emotional responses (Pessoa, 2008; Etkin et al.,
2011).

Norepinephrine and dopamine may shift the balance between
the cortical “high road” and the subcortical “low road,” by acting
both in the amygdala and at cortical level, in opposite direc-
tions. Fear conditioning generates stress and is associated with
NE reduction in the amygdala. NE reduction reduces the feed-
back within the amygdala and creates an overactive fear response
(Johnson et al., 2011). In contrast, combined systemic admin-
istration of NET blocker reboxetine and NE alpha-2 blocker
mirtazapine decrease fear and increase DA release in mPFC, thus
providing a balancing mechanism to exert cognitive influences
over emotional responses (Masana et al., 2012) ... Similarly,
DA receptor activation in amygdala removes its mPFC suppres-
sion (i.e., hypoactivity) (Rosenkranz and Grace, 2002), which
increases the emotional response. In contrast, mPFC 6-OHDA
lesions delayed extinction of fear, suggesting that mPFC DA mod-
ulates the response to fear-inducing cues, as in our experimental
setting (Morrow et al., 1999). Therefore, the “high” pathway
creates the ability to overcome emotional memories and to con-
sciously balance the emotional response to the “low” pathway
(Rosenkranz and Grace, 2002; Meck and Macdonald, 2007).
Indeed, our experiment indicates that nomifensine’s modulation
of NE and DA cortical activity could offset the increased fear
caused by the distracter, possibly by activating the cortical “high”
road and reducing fear, thus decreasing both the start and stop in
responding.

Nomifensine within the prelimbic cortex may have altered
the sharing of resources between timing and emotional process-
ing. Recent explanations of attentional effects in interval timing,
particularly in regard to the effect of task-irrelevant distracters
(either neutral or emotionally charged), are done within the
framework of the RTS model (Buhusi and Meck, 2006, 2009a;
Buhusi, 2012) which assumes that distracters result in the real-
location of the limited pool of attentional and working memory
resources from timing toward other processes (e.g., emotional
processing) (Buhusi and Meck, 2009b; Schirmer, 2011; Buhusi,
2012). The model is compatible with the current understanding
of the circuits involved in interval timing and emotional pro-
cessing, and involves homologous relationships in humans and
rodents (Uylings et al., 2003; Vertes, 2004) (Figure 7). Interval
timing engages fronto-striatal functional circuits (Buhusi and
Meck, 2005, 2009a) dependent on brain regions known to be
involved in working memory, such as dIPFC in human partic-
ipants (Stevens et al., 2007), and the mPFC in rodents (Kim
et al., 2009) (Figure7, left panel). Homologous relationships
between the primate dIPFC and rodent mPFC have been also
shown in regard to amygdalar connectivity, which is crucial for
emotional processing (Sierra-Mercado et al., 2011) (Figure7,
right panel). The sharing of brain regions involved in work-
ing memory, between the circuits involved in timing (Figure 7,
left) and emotional processing (Figure 7, right) provides support
for a neurobiological RTS model, by which resource allocation
is dependent on the modulation of activity in brain regions
dealing with working memory (dIPFC for humans, mPFC for
rodents) by both the circuits involved in timing and other pro-
cessing (e.g., emotional). During timing, fronto-striatal circuits
would engage working memory (dIPFC/mPFC). However, pre-
sentation of an emotionally charged distracter would also activate
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FIGURE 7 | A neurobiological RTS model: Interactions between timing
and emotion circuits. Interval timing relies on fronto-striatal circuits and
cortical regions involved in attention and working memory. Emotional
processing relies on direct thalamo-amygdalar projections (low road), and
indirect thalamo-cortico-amygdalar projections (high road). Interactions
between the timing and emotion circuits may occur at cortical level, or
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through direct amygdala-striatum projections. SN¢, substantia nigra pars
compacta; GPe/i, globus pallidus external/internal; BLA, basolateral amygdala;
CeA, central nucleus of the amygdala; DA, dopamine; Glu, glutamate; GABA,
gamma-aminobutyric acid. This simplified model of the timing-emotion
interaction has been modified from Buhusi and Meck (2005) and Rosenkranz
and Grace (2002).

the amygdala, which would engage the dIPFC/mPFC in emo-
tional processing, thus decreasing the relative activation on the
fronto-striatal timing circuits. When emotional processing ceases
(which could be long after the offset of the distracter), the acti-
vation of dIPFC/mPFC by (emotional) amygdalar circuits would
decrease relative to their activation by fronto-striatal (timing)
circuits, thus re-starting the timing process. In this framework,
nomifensine would modulate activity within mPFC, to either
decrease the fear-inducing effect of the distracter, and/or to real-
locate resources toward timing, e.g., by increasing maintenance of
temporal information in working memory. This may explain the
“over-resetting” effect of the distracter, and the fact that nomifen-
sine was effective only in PI 4 N trials, and only when distracters
were fear-inducing.

On the other hand, results are inconsistent with an “atten-
tional switch” or “flickering switch” (FS) model (Gibbon et al.,
1984). Early explanations of attentional effects on interval timing
have suggested an attentional switch in between the pacemaker
and the accumulator, controlled by the presence and the salience
of the to-be-timed signal (Gibbon et al., 1984), and depen-
dent on the DA (Buhusi, 2003) and NE systems (Penney et al.,
1996). Manipulations that affect the attention paid to timing were
assumed to affect the latency to open/close the (flickering) switch,
such that pulses from the pacemaker do not reach the accumula-
tor, resulting in delayed responding (Lejeune, 1998; Zakay, 2000;
Buhusi and Meck, 2002, 2005, 2009b). The FS model cannot
address our findings. First, the switch is supposed to be closed
during the uninterrupted presentation of the to-be-timed signal
(Church, 1978, 1984), such that it cannot address the delaying of
timing in our study (since the to-be-timed visual signal was not
interrupted in PI + N trials), let alone the “over-reset” seen under
saline in FEAR rats. Second, FS and RTS differ on both the loca-
tion of the putative mechanism, before and after the accumulator
respectively, and on the duration of action, either strictly during
the interrupting event or throughout the task (see Buhusi and

Meck, 2006). The FS switch is flickering only during the inter-
rupting event, and is located before the accumulator; therefore,
it would at best predict a stop (no pulses accumulated.) On the
other hand, RTS is active throughout the task, not only during
the noise but possibly after the noise as well, and it is located after
the accumulator, at the level of working memory; therefore, RTS
can explain the over-reset behavior in the present experiment.
Thirdly, RTS is concurrent with timing (involves competition
between the timer and other processes outside of the timer) while
FS is a process inside the timer. Therefore, FS cannot predict an
over-reset (since the timer itself cannot over-reset) while RTS is
free from this restriction.

Moreover, while FS is a cognitive construct, RTS can been
applied (as done in this paper) to neurobiological data (e.g.,
Buhusi and Meck, 2002, 2009a), as follows: first, past studies
using retention intervals (gaps) indicated that DA has dissocia-
ble effects on the clock speed (in PI trials) and RTS (in trials
with distracters) (Buhusi and Meck, 2002, 2007): systemic admin-
istration of DA agonists increases clock speed in PI trials and
delays timing in trials with gaps; In contrast, despite being an
indirect DA agonist, nomifensine had no effects in PI trials, and
reduced the delay in timing in trials with distracters, suggesting
that nomifensine infusions into mPFC affect RTS, but not clock
speed, and that clock speed may rely on DA flow in other brain
regions beside mPFC. Second, systemic administration of cloni-
dine, an NE a2 agonist, results in delayed responding in PI trials
(Penney et al., 1996), consistent with an increase in the latency of
the FS to open. In contrast, in our study, nomifensine, an indi-
rect NE agonist had no effects in PI trials, suggesting that Penney
et al’s FS interpretation of NE results is questionable. Finally,
in our study nomifensine was effective only in trials with an
fear-inducing distracter, but not when the distracter was neutral,
which is consistent with the use of nomifensine in the treatment
of depression and anxiety (Tejani-Butt et al., 2003; Jiao et al,
2006). These results can be easily addressed by the RTS model
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(Buhusi and Meck, 2006, 2009a; Buhusi, 2012), in that nomifen-
sine decreases the fear-inducing effect of the distracter, and/or
affects reallocation of resources toward timing, e.g., by increas-
ing maintenance of temporal information in working memory.
Therefore, nomifensine treatment may be beneficial in disorders
characterized by impaired working memory processing, especially
in affective disorders.

Indeed, emotional processing is dysregulated—either
impaired or enhanced—in disorders such as schizophrenia,
depression, phobias, and post-traumatic stress disorder (PTSD)
(DSM-IV-TR, 2000). Alterations in the dorsal system involved in
executive processing and ventral systems involved in emotional
processing are reported in patients diagnosed as being depressed
(Dolcos and McCarthy, 2006). Damage to the left dIPFC increases
the likelihood of becoming depressed, while damage to the right
dIPFC is linked to working memory impairments (Davidson
and Irwin, 1999). Anxiety disorders, such as PTSD, are char-
acterized by a specific deficiency in the ability to extinguish fear
responses (Droit-Volet and Meck, 2007; Denkova et al., 2010;
Sierra-Mercado et al., 2011), and by reoccurring and intrusive
memories of the traumatic event. Extinction learning is hindered
if the fronto-amygdalar circuit is dysregulated. PFC hypoactivity
(Etkin and Wager, 2007; Etkin et al., 2011), and significant amyg-
dalar activation (Davidson and Irwin, 1999) contribute to the
emotional dysregulation in PTSD. Amygdalar hyperactivity is also
seen in patients with social anxiety disorder and specific phobias
(Rosenkranz and Grace, 2002). Moreover, heightened amygdalar
activity can result in emotional responses to non-salient sensory

stimuli, which in the absence of PFC-suppression, might lead
to paranoia-like feelings (Rosenkranz and Grace, 2002). The
dorsal system could modulate activity between emotional judg-
ment and attention (Johnson et al., 2011). Greater control over
fear and anxiety could be obtained in patients by increasing
the PFC regulation of emotional events, for example, by reap-
praisal treatment, shown to activate the mPFC and to decrease
negative emotions (Etkin et al., 2011). Solutions that allow for
coping with emotional distractions in the executive and cogni-
tively controlled frontal regions of the brain can help control
emotional distraction (Denkova et al., 2010). Controlling mPFC
activity, for example by NRDI antidepressants like nomifen-
sine, may regulate working memory, and increase the quality
of life for patients with affective disorders (Etkin and Wager,
2007).
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