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attenuates ultradian activity rhythms in preweanling rats PHARMACOL BIOCHEM BEHAV 29(3) 517-523, 1988 —
Developing rats, studied in environmental 1solation, display prominent fluctuations in locomotor activity with a periodicity
of about 1-3 hr This ultradian rhythmic pattern 1s most marked at 2 weeks of age, and appears to be endogenously
mediated (+)Amphetamine (1 mg/kg) was administered to 2 week old rat pups, and their locomotor activity levels were
recorded continuously and stored 1n 5 min intervals using a sensitive computer-interfaced vibrational activity monitor
Activity was recorded for 12 hr after treatment and resulting time-series data were analyzed by harmonic spectral tech-
niques During the first 6 hr of testing, amphetamine induced a prominent low frequency perturbation 1n baseline activity
levels corresponding to the expected period of acute drug action During this ttme, normally prominent ultradian activity
rhythms 1n the range of 8-12 cycles per day (cpd) were diminished 1n amphtude, even following low frequency smoothing to
remove the changes in baseline Correspondingly, there was also an increase in ultradian rhythm amplitude n
amphetamine-treated pups at higher frequencies (32-40 cpd) During the final 6 hr of testing there was a marked suppres-
sion of typical ultradian rhythms 1n amphetamine-treated pups but not in controls These results suggest that amphetamine
treatment both accelerates and attenuates ultradian activity rhythms in developing rats during the acute period of drug

0091-3057/88 $3 00 + 00

action, and produces a prominent diminution n these rhythms during subsequent rebound and recovery penods

Amphetamine Ultradian Locomotion

Biological rhythms

Development Chronobiology

ACTIVITY rhythms with a 1-2 hr periodicity were first rec-
ognized in rats by Richter [22], who explored their early
ontogeny [23] Kleitman [13] also discerned a prominent 1-2
hr fluctuation 1in activity of human newborns, and hypoth-
esized a basic rest-activity cycle during the waking state,
similar to the rapid eye movement (REM) cycle observed
during sleep, and possibly due to similar neural mechanisms
From these historic origins have emerged a substantial body
of literature demonstrating ultradian (>1 cycle per day) fluc-
tuations 1n many physiological processes (e g , {16]) Such
rhythms appear to provide a ubiquitous undercurrent
throughout the animal kingdom {7], and have even been ob-
served 1n 1solated enzyme systems [4]. Most evidence
suggests that these phenomena are likely to reflect the ef-
fects of multiple independent oscillators, and direct linkage
between such rhythms as the REM sleep cycle and waking
ultradian activity rhythm probably does not occur [16]
Ultradian rhythms differ markedly from more extensively
studied circadian cycles, in that they appear to lack a consis-

tent ‘‘zeitgeber’’ to impose an external cadence. Thus, little
synchronicity 1s generally found between subjects, who ap-
pear to ‘‘free-run’’ at independent and vanable frequencies
Moreover, commonly observed ultradian rhythms (e.g., ac-
tivity, REM sleep, cortisol secretion) display prominent cir-
cadian variations in amplitude, and possibly also 1n ultradian
frequency [14] This modulation results 1n special problems
1in the 1dentification and analysis of such rhythms, and has
severely limited attempts to probe their neurobiological un-
derpinnings In recent years, considerable progress has been
made toward understanding the functional neuroanatomy
and pharmacology of central nervous system (CNS) oscil-
lators responsible for REM sleep [17], and neuroendo-
crinologists are beginning to outline the control processes
responsible for pulsatile hormone secretions [18]

We have undertaken a series of investigations on the ef-
fects of psychotropic agents on this basic rest-activity
rhythm. There were two complementary reasons for these
studies First, virtually nothing 1s known about the neural
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Belmont, MA 02178
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FIG 1 Activity profiles of 1solated littermate pairs at 13 and 16 days of age which had received injections of
saline or (+)amphetamne Activity was measured with a computer-interfaced vibrational activity monitor
and 1s expressed as percentage of total activity per 5 minute epoch Activity was momitored for twelve

continuous hours

systems producing this rhythm, and pharmacological agents
can serve as useful probes to help identify neurotransmutter
systems mvolved 1n 1ts temporal maintenance Second, there
are emerging data from ammal model and clinical studies
suggesting that disturbances 1n ultradian rhythms may occur
1n some neuropsychiatric disorders—such as depression [2,
15, 28], dementia [31], and childhood hyperactivity [5]—and
knowledge of how drugs affect these rhythms could be of
clinical value

In order to explore the neuropharmacology of ultradian
activity rhythms, we have selected for study the developing
albino rat, as it displays prominent fluctuations 1 activity
with about the same periodicity as humans [28,29], and be-
cause much 1s known about the neuropharmacology of the
rat In the present study, we concentrated on the two-week
old rat, which, hke newborns of many species, displays
promunent ultradian fluctuations 1n motility [29]

Studies designed to assess the effects of drugs on ultra-
dian motility cycles 1n rodents have been rare In two brief
reports, del Pozo et al [8,9] exammned the effects of
(+)amphetamine (2 mg/kg, IP) on ultradian actrvity rhythms
of 1solated and aggregated adult mice They found that am-
phetamine had a greater effect on 1solated mice, 1n which 1t
appeared to produce a shift in the main peak period of the

ultradian rhythm from 187 mun (7 7 cycles per day [cpd]) to
250 min (5 8 cpd), and to decrease the prominence of a minor
secondary peak at 93 min (15 5 cpd) The present study was
conducted to see 1f these observations could be extended to
developing rats with more promunent ultradian activity
rhythms than adult rodents Care was taken to separate ef-
fects of amphetamine on baseline activity from 1ts effects on
the usually prominent ultradian activity surges, and to dis-
tinguish between the effects of amphetanune during the
pertod of acute drug action (ca 6 hr 1n the neonate [6]), from
possible effects during rebound and recovery

METHOD
Subjects

Male and female Sprague-Dawley rat pups were reared in
natural litters culled to 10 pups each on day 2 Multiparous
mothers were shipped from Charles River Breeding Colony
on the first day after delivery Litters were housed 1n mater-
nity cages with pme shavings for bedding under a 12 12 hr
light/dark cycle (on 0700-1900 hr) Temperature was main-
tained at 25+2°C Pups were studied between 13 and 17 days
of age Two littermates of the same sex were tested simulta-
neously One pup received saline and the other am-
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FIG 2 Spectral analysis of the first six hours of activity following the acute
admunistration of saline or (+)amphetamine to developing rats The graph indi-
cates the percentage of total variance 1n the activity time series that can be ac-
counted for by each harmonic frequency band ranging from 0-144 cpd at 4 cpd
increments Shown are group spectra dertved from the mdividual analysts of eight
Iittermate pairs receiving saline or amphetamine

phetamine The final subject pool consisted of 8 am-
phetamine treated, and 8 control pups from 4 different litters
Subjects were tested only once

Test Apparatus

Activity was quantified using a four channel vibrational
activity monitor similar to a previously described prototype
and techmque [30] A sensitive mechamcal-to-electrical
transducer consisted of a 25 cm diameter enclosure mounted
on a 10 cm permanent magnetic speaker. Signals from the
transducer were sent to a four channel linear amplifier,
where they were filtered (100 Hz high frequency roll-off),
and amphfied 1000 times A voltage comparator circuit then
compared amplified signals to a preset threshold voltage.
Vibrational signals exceeding the threshold produced a digi-
tal output pulse These pulses were monitored (>1 KHz) and
processed by a Rockwell AIM-65 Microcomputer with
BASIC and Assembly language control programs Sum-
mated activity scores were determined at 5 min test inter-
vals, and printed out during the 12 hr test period

The four channels were cahbrated individually using a
low-frequency oscillator coupled to a signal generator
Threshold settings for each channel were adjusted to
produce identical readings at the deswred sensitivity level,
which enabled the device to detect virtually all visible mo-
tions except respiration and slow head turning 1n representa-
tive two week old rats The same settings were used for each
rephcation, and subjects were randomly distributed to each
channel.

Procedure

On the day of testing, pups were removed from therr lit-
ters, weighed, and injected intraperitoneally (IP) with either
(+)amphetamine sulfate (1 mg of the salt/kg) or sterile
1sotonic saline 1 an ijection volume of 0 1 ml/20 g body-
weight. Shortly after imection each pup was placed 1n a test
cage housed in an 1solation chamber maintamned at 30+1°C

During the test period the subjects were mamtained in dark-
ness 1n order to ascertamn drug effects of these rhythms un-
confounded by exogenous light-dark transitions

DATA ANALYSIS
Activity Conversion

Activity scores were transcribed 1nto files for an Apple 11
microcomputer As we were concerned with the effects of
drug on activity patterns, and not nterested in absolute
levels of activity, the raw activity scores were transformed
into percent of total activity Data from the first 6 hr and last
6 hr were analyzed separately, using programs wrntten for
the Apple 11 by Teicher and Barber [26,27] Data, typically,
are means=SEM

Variance Spectrum Analysis

The main technique used to analyze the data was the
method of low resolutton variance spectral analysis de-
scribed by Blackman and Tukey [3] and by Halberg and
Panofsky [10,20], and recommended by Kripke [14] as the
most suitable time-series technique for the analysis of ultra-
dian rhythms Raw variance spectra were calculated for each
6 hr series Group spectra were obtamed by averaging the
results of the independent spectra, and hamming (smoothing
by use of a weighted moving average) the aggregate to 1m-
prove the rehability of the spectral estimates [3, 10, 20]

The derived spectra contamn the amount of variability
(spectral varnance) accounted for by each frequency band
from 0 to 144 cycles per day (cpd) at 4 cpd intervals Thus, a
hypothetical value of 12% in the 16 cpd bandwidth of a group
of subjects would indicate that about 12% of the vanabulity 1n
therr activity data could be accounted for by a rhythm of this
frequency If no significant penodicities were present in the
data, than each spectral bandwidth would contain about
2 8% of the total variance by chance. If the rhythm does not
occur at one of the indicated harmonic bandwidths, the per-
cent variance would be distributed between adjacent
bandwidths (e g , a 10 cpd rhythm would have 1ts spectral
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FIG 3 Spectral analysis of detrended activity data for the first six hours following
the acute admunistration of saline or (+)amphetamine to developing rats The
graph indicates the percentage of total vanance 1n the activity time series that can
be accounted for by each harmonic frequency band ranging from 0~144 cpd at 4
cpd increments Detrending was accomplished by fitting the raw activity data of
each subject to a best-fit low-frequency cosine function, and then by mathemat-
ically removing this frequency The detrended data was then reanalyzed to ascer-
tam the effects of amphetamine on ultradian rhythmicity once the effects of am-
phetamine on basal activity were removed (see text for further discussion)

variance distributed between 8 and 12 cpd) A very regular
periodicity produces a sharp spectral peak, whereas a less-
stable rhythm produces a broad peak distributed across a
number of frequency bands

The accuracy of the obtained spectral estimates 1s af-
fected by the number of subjects, the duration of the total
test period, the number of measures obtained, and by other
technical factors related to the size of the lag window and the
final smoothing procedure [10,20] A valuable numerical fea-
ture of this analysis 1s that the accuracy of each calculated
spectral point 1s a constant percentage of its magnitude For
these analyses, each bandwidth was determined with 19 §
degrees of freedom [10], resulting in a standard error of
measurement of 7 5% for each point Thus, a spectral vari-
ance result of 12% could be read as 12+09% (0 9=
12x7 5)

Swnusoidal Detrending

Durng the first 6 hr of testing, amphetamine produced a
marked increase 1n baseline activity levels, thereby creating
an artifactual sinusoidal rhythm that resulted in a biased es-
timate of low-frequency spectral intensity As the magmitude
of this peak could dimimish the spectral estimate of other
peaks, a techmque was required to remove this periodicity
mathematically to obtain unbiased estimates of surrounding
spectral periodicities [9-11, 20] The first 6 hour activity data
from each amimal were thus subjected to a detrending proce-
dure i which the data were fit to a cosmne function, whose
amplitude, frequency, phase angle, and mesor were deter-
mned by iterative nonlinear least-squares analysis [24,27]
The difference between actual activity and low-frequency
cosmor fit were calculated and reconverted into a detrended
activity time-series. These ‘prewhitened’ data files, with
therr low-frequency sinusoidal oscilation removed, were
subjected to further analysis by the techmques described
above

Group Comparisons

Statistically significant differences between the vanance
spectra of the two groups were determined by multiple ¢-test
comparison of the spectral estimates To correct for the
number of cross comparisons in each spectral series the
pair-wise alpha level was adjusted to maintain an experi-
ment-wise alpha level of 0 05 using the formula

alpha,, = 1 — (1 — alpha,,) ™, where n = number of
comparisons

Thus, even though 37 comparnsons were made between each

spectral series, the probability of obtaining any significant

difference was set equal to 0 05 for the entire series

Kolmogorov-Smirnov Test

To determine whether a significant rhythm exists in the
activity data, the aggregate spectral analysis was tested using
the Kolmogorov-Smirnov test The spectrum of pure white
noise 1s a flat ine with a linear cumulative distribution func-
tion. The Kolmogorov-Smirnov test ascertains whether the
cumulative distribution function of the calculated vartance
spectrum significantly departs from a theoretical white noise
distribution function [25,32] Significant departure from pure
white noise ndicates that the time series contains
peniodicities of significant magnitude that would not be ex-
pected to occur by chance

RESULTS
Activity Profiles

Two-week old developing rats given saline control mnjec-
tions showed prominent spontaneous ultradian fluctuations
1n behavioral activity with a penodicity of 1-3 hr (Fig 1)
(+)Amphetamine (1 mg/kg, IP) produced an acute increase
i the basal activity level that peaked after about 3 hr and
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FIG 4 Spectral analysis of the hours 6-12 of activity following the acute admims-
tration of saline or (+)amphetamine to developing rats The graph indicates the
percentage of total vanance 1n the activity time senes that can be accounted for by
each harmonic frequency band ranging from 0-144 cpd at 4 cpd increments

then rapidly decayed Ultradian fluctuations 1n activity per-
sisted during this baseline perturbation, but appeared to slow
as the acute stimulatory effect of amphetamine declined, and
were not apparent during the second 6 hr of testing

Spectral Analysis, 0-6 Hours

Durning the first 6 hr of testing saline-treated control pups
displayed a prominent though fairly broad peak of activity in
the slow ultradian domain, with a dommant peak between 8
and 12 cpd, extending to 28 cpd (Fig 2). Based on the raw
data, the amphetamine-treated pups had an enormous ultra-
dian ‘‘pseudo-peak’’ at 4 cpd, that was evidently an artifact
of the acute sinusoidal perturbation of baseline activity
Saline-treated pups showed a greater percentage of their
spectral vanance between 12 and 24 cpd than their
amphetamine-treated littermates (all p <0 005) However, as
the results of this analysis are expressed as percent total
variance, the large 4 cpd ‘‘pseudo-peak’ could effect the
magnitude estimation of other spectral components, and give
the false impression that they were less prominent n treated
subjects than control. Thus, the data were detrended to re-
move this possibly confounding artifact

Sinusoidal Detrending

The first 6 hr of locomotor activity (72 measurements) 1n
amphetamine-treated pups were best fit by a cosine function
with an amplitude of 0.72+0 07, and a frequency of 4 7+0 5
cpd. Saline-treated pups were fit by a less prominent oscilla-
tion of similar frequency (amplitude. 0.32+0 10, frequency
51x07) These sinusoidal rhythms correlated on average,
r=0.61x0 04 with the raw activity data of amphetamine-
treated pups, and correlated at r=0.31+0 06 mn controls
Removing the best-fit oscillation from each subject’s activity
profile, and reanalyzing, produced the variance spectra
shown in Fig 3

This detrending procedure was very effective, reducing
the magnitude of the 4 cpd bandwidth from 19.3% to 1 6% n
amphetamine-treated rats, and from 7.6% to 3 3% n con-
trols The saline-treated pups displayed greater spectral

variance m the 8 and 12 cpd bands (all p<0 02), whereas
amphetamine-treated pups had greater spectral variance in
the 32-40 cpd bandwidth (all p<0 02) Thus, during the first 6
hr of amphetamine treatment, a prominent low-frequency
pseudopeak was produced The underlying ultradian
rhythm, factoring out the effect of the baseline change, was
attenuated n the usual 8-12 cpd bandwidth, and accentuated
in the higher, 32-40 cpd, frequency range

Spectral Analysis, 6-12 Hours

During the final 6 hr of testing, saline-treated pups dis-
played typical ultradian rhythms with peak frequency
at 812 cpd (Fig 4) Amphetamine-treated pups dis-
played a very flat spectrum, with far less magmtude n the
8-24 cpd frequency range than controls (all p<0 05)
Kolmogorov-Smirnov analysis of these results (Fig 5) mdi-
cated that the variance spectra of control pups significantly
departed from a theoretical white noise spectrum, and thus
suggests that 1t contains significant rhythmicities. The vari-
ance spectrum of amphetamine-treated pups, on the other
hand, did not deviate significantly from white noise, and
does not enable us to reject the null hypothesis that there
were no significant periodicites 1n therr activity during hours
6-12 Thus, during the rebound and recovery phase after
amphetamine treatment, characteristic ultradian rhythms are
severely attenuated, and possibly eliminated

DISCUSSION

Overall, the present results suggest that acute adminis-
tration of (+)amphetamine at 1 mg/kg, IP, accelerates and
attenuates ultradian activity rhythms in developing rats dur-
mng the period of acute drug action (0-6 hr), and severely
blunts these rhythms during the subsequent recovery period
(6-12 hr) These two phases may reflect changes in stores of
monoamines such as dopamine, which become temporarily
depleted 1in neonatal rats for several hours after am-
phetamine treatment [12]

Our greatest concern with these data centers on the diffi-
culty entalled in distinghishing the acute effects of
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FIG 5 Kolmogorov-Smirnov analysis of group vanance spectra
(hours 6-12) for rat pups receirving saline (opened circles O) or
(+)amphetamine (filled circles @) Displayed are the cumulative dis-
tributton functions for both spectra across frequency The dotted
line indicates the theoretical cumulative distnibution function for pure
white noise (1in which every frequency 1s equally represented), while
the shaded area is the 95% confidence interval Spectra that contain
significant penodicities (p<0 05) depart from a pure white noise
function 1n at least one frequency band Note that the cumulative
spectra of the amphetamine-treated pups remained well inside the
probability space for white noise

(+)amphetamine on ultradian rhythmicity in the face of a
prominent time-dependent change i basal activity levels
that appears as a large pseudoperiod on spectral analysis As
discussed by Panofsky and Halberg [20] in their original de-
scription of this analytical method, ‘‘varance spectra of a
time series tend to be inaccurate in regions in which the
spectrum varies rapidly and extensively, as in the neighbor-
hood of a strong peak A better spectrum can be ob-
tained 1n the neighborhood of such a peak if the peak 1s first
removed >’ This was accomplished using a sinusoidal de-
trending procedure Both the onginal and detrended data
mndicated that (+)amphetamine acutely suppressed the nor-
mally prominent 16 cpd (90 min) ultradian activity rhythm
observed 1n rats of this age Similarly, Okamoto et a/ [19]
has recently reported that (+)amphetamine completely sup-
pressed ultradian fluctuations in hypothalamic temperature
during sleep, suggesting that these observations may general-

TEICHER, BARBER, BALDESSARINI AND SHAYWITZ

1ze to other ultradian rhythms We have also observed {1]
that acute and continuous administration of an inhibitor of
neuronal uptake of norepinephrine, desipramine, suppresses
ultradian rhythmicity as well, suggesting that this observa-
tion may be applicable to other agents that affect catechol-
amine systems

These results complement the findings of del Pozo et al
[8.9], who reported the emergence of a prominent slow ul-
tradian cycle (5 8 cpd), and attenuation and possible accel-
eration of a secondary ultradian peak (15 5 ¢pd) after admin-
1stration of {(+)amphetamine (2 mg/kg, IP) to adult mice The
very slow cycle which they reported may have been due to a
sinusoidal perturbation of baseline activity that was not fully
removed by their low-frequency filtering technique Shafts
their secondary peak may correspond to our observation of
attenuation and acceleration of the dommant ultradian
rhythm (Figs 2-4), although del Pozo ¢t ul [8,9] pooled data
from over an entire 24 hr test period, and did not separate
phases of acute drug action from those of later rebound and
recovery By combining data obtained during an early phase
of intense aminergic stimulation and subsequent phase of
relative aminergic deficit [12], their findings may not accu-
rately reflect the differential effects of the drug A separation
of early and late phases of drug action may help clarify the
chronobiological effects of agents such as amphetamine,
with a relatively short behavioral half-life and multiple,
time-dependent effects

More generally, the present findings shed hght on the
pattern of activity levels and drug effects at a frequently
studied developmental age [21] For example, the results
indicate how potentially important behavioral data can be
lost 1if activity 1s monitored only at longer time intervals,
such as 2 hr blocks A thorough analysis of drug effects on
behavior during early development evidently requires atten-
tion to both the temporal pattern of behavior, as well as to
the detailed topography of specific motor actions The pres-
ent study may have additional implications regarding the ef-
fects of stimulant medications in children with attention
deficit hyperactivity disorder (*'mimimal brain dysfunc-
tion’’), as our preliminary clinical observations suggest that
abnormal ultradian activity patterns may be present in some
children with this disorder, and that these abnormalities can
be ameliorated by stimulant medications
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