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Abstract

The temporal relationship between sniffing and the limbic 8 rhythm was studied in rats during
odor discrimination reversal learning. The # rhythm was monitored as rhythmic slow wave activity
(RSA) in the dorsal hippocampal formation, and cyclic nasal airflow (sniffing) was monitored with
a thermocouple in the nasal cavity. The training procedures required animals to perform a sequence
of whole body locomotion toward one wall of an arena, followed by investigatory sniffing of stimuli
through a port while otherwise standing still. Hippocampal RSA was present reliably during the
periods of investigatory sniffing. Analyses based on the fast Fourier transform (FFT) demonstrated
that this RSA tended to be lower in frequency and amplitude than RSA which occurred during
locomotory approach. Other analyses based on the FFT were developed to characterize the nature
and parameters of the temporal relationship between rhythmic sniffing and hippocampal RSA as a
function of the dominant sniffing frequency during the periods of stimulus sampling. The phase
difference between sniffing and RSA tended to vary linearly with frequency so as to maintain a
preferred latency relationship between the onset of each sniff cycle and a particular phase of the
hippocampal RSA. The phase of RSA to which sniffing was related differed across animals and was
correlated with electrode position relative to the phase reversal layers within the hippocampal
formation. These results therefore are consistent with the interpretation that, during the periods of
stimulus sampling, the sniffs were being timed to maintain a preferred latency relationship with the
pacemaker activity which drives the § rhythm and the recorded RSA.

The consistency with which the animals exhibited the preferred latency relationship varied during
the course of training. Across animals, this correlation between sniffing and 8 activity was consistently
high during the trials which immediately preceded the achievement of criterion level performance,
and the correlation was reduced during the criterion run and/or subsequent trials of overtraining.
Thus, the tendency of the animals to exhibit this relationship was not associated specifically with
correct performance. Rather, the correlation tended to be highest when the animals were most likely
to be evaluating the behavioral relevance of stimuli and were in the process of modifying their
responses to those stimuli. The timing of investigatory sniffs as a function of § cycle phase may be
important for the neural processing of sensory and/or motor information of relevance for response
modification.

The mammalian limbic system exhibits a pronounced
4- to 12-Hz electrographic rhythm during a variety of
behavioral and drug states (cf., Vanderwolf, 1975; Kom-
isaruk, 1977). This neural rhythm commonly is referred
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to as @ activity, although its upper frequency range
extends into the a band. 8 activity has been recorded as
rhythmic single unit or slow wave activity in numerous
limbic and related structures of the forebrain and is
prominent in waking animals during active exploration
of the environment (cf., Komisaruk, 1977). The limbic 6
rhythm can be monitored readily as rhythmic slow wave
activity (RSA) in the hippocampal formation (cf., Win-
son, 1974). Its pacemaker activity is thought to originate
in neurons of the medial septum-diagonal band complex
(cf., Petsche et al., 1962, 1965), and its occurrence and
frequency appear to be regulated through multisynaptic
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pathways originating in the pontine reticular formation
(Vertes, 1981). The presence of hippocampal RSA in
electroencephalographic records has been associated
with voluntary movement (Vanderwolf, 1971), spatial
guidance (O’Keefe and Nadel, 1978), attention (Bennett,
1975), and learning (Adey et al., 1960; Landfield et al.,
1972; Berry and Thompson, 1978).

Many of the previous attempts to characterize the
behavioral correlates of the limbic § rhythm have exam-
ined the presence or absence of @ activity in electroen-
cephalographic records but have not focused specifically
on its rhythmic qualities. However, temporal correlations
between individual cycles of the § rhythm and relevant
sensory or motor events have been reported. For exam-
ple, during operant conditioning, rats are more likely to
depress or release a bar at particular phases of the 6
cycles (Semba and Komisaruk, 1978; Buno and Velluti,
1977). Komisaruk (1970) also reported that rats com-
monly exhibit entrainments between the limbic § rhythm
and the repetitive motor components of exploratory sniff-
ing behavior (fixation of the head and neck, inhalation,
and protraction of the mystacial vibrissae; cf. Welker,
1964). Lesions of the medial septum-diagonal band com-
plex which eliminate hippocampal RSA can affect the
coordination of motor activity associated with investi-
gatory sniffing but do not eliminate rhythmic sniffing
behavior (Gray, 1971). The pacemaker activity which
drives the § rhythm thus may play a role in the temporal
regulation of exploratory sniffing behavior but does not
drive the sniffing rhythm directly (cf., Macrides, 1975).
Komisaruk (1970) has pointed out that, during entrain-
ments between the two rhythms, the sensory activity
evoked through the exploratory motor acts in turn would
be correlated with f-related unit activity in the forebrain,
and he speculated that such correlations might provide
a temporal basis for modulating the central processing of
sensory evoked activity so as to elicit appropriate behav-
joral or hormonal responses (cf., Komisaruk and Beyer,
1972; Scott, 1977). Consistent with this speculation, Kom-
isaruk (1977) subsequently observed that the ability of
olfactory bulb shocks to elicit hypothalamic unit re-
sponses varies according to the phase of the 6 cycle
during which the stimulation is delivered. Hippocampal
excitability in response to stimulation of the entorhinal
cortex similarly has been shown to be phase locked to
the 8 rhythm (Rudell et al., 1980).

Komisaruk (1970) described the entrainments between
sniffing bouts and the 8 rhythm in rats as increases in
the frequency of inhalation and vibrissal sweeping to that
of the ongoing 8 activity. He noted that the phase rela-
tionships between these exploratory movements and the
# rhythm could vary from one entrainment to another.
We subsequently examined the relationships among in-
halation, vibrissal movements, and hippocampal RSA in
male hamsters during bouts of exploratory sniffing to-
ward localized odor sources in an open field (Macrides,
1975; Youngs et al., 1978). Our analyses demonstrated
that sniffing and vibrissal sweeping are repetitive at the
same frequency as hippocampal RSA more often than
would be expected by chance on the basis of their re-
spective frequency distributions. In addition, our analy-
ses indicated that, during such entrainments, these motor
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acts exhibit a preferred temporal relationship to cycles
of the RSA. Specifically, the phase differences between
the motor components of exploratory sniffing behavior
and the hippocampal RSA varied with frequency in a
manner suggestive of a preferred latency relationship
between the timing of the exploratory movements and
particular phases of the # cycles. The incidence of en-
trainments also varied in a manner which suggested that
they might play a role in the central regulation of behav-
ioral or hormonal responses. Entrainments tended to
occur during the early presentations of arbitrary pure
chemical stimuli, when these stimuli were relatively
novel, and occurred most reliably during presentations of
biologically relevant stimuli such as the vaginal discharge
of female hamsters. The latter stimulus has been shown
to facilitate sexual arousal in male hamsters (e.g., it elicits
copulatory behavior toward female surrogates; Murphy,
1973; Macrides et al., 1977) and, under appropriate cir-
cumstances, elicits a neuroendocrine response resulting
in an elevation of circulating testosterone levels (Ma-
crides et al., 1974).

The experiments in this report had several goals. We
hoped to develop a behavioral paradigm which would
enable us to examine the relationship between rhythmic
sniffing and the limbic § rhythm under conditions in
which movements other than those associated with in-
vestigatory sniffing behavior were minimized. Our para-
digm was designed to encourage a sequence of locomo-
tory approach, followed by sniffing of stimuli through a
port while otherwise standing still. We further wished to
determine whether rats, like hamsters, exhibit a preferred
temporal relationship between sniffing and the # rhythm
during entrainments between the two rhythms and to
develop quantitative procedures for characterizing the
parameters of this relationship. Finally, we sought to
develop training procedures and statistical analyses
which would enable us to study the possible importance
of this relationship for the acquisition of learned re-
sponses.

Materials and Methods

Experiments were performed on 13 male Long-Evans
rats (300 to 400 gm) obtained from Charles River Breed-
ing Laboratories, Inc. (Wilmington, MA). The behavioral
paradigm was adapted from a previous odor discrimina-
tion task (Eichenbaum et al., 1980). Seven of the animals
were used to evaluate the suitability of the behavioral
paradigm, and only qualitative assessments of the rela-
tionship between sniffing and hippocampal RSA were
made using graphic display and averaging procedures
adapted from our previous, open field study in hamsters
(Macrides, 1975). This report concentrates on 6 rats
(RM-8 to RM-13) whose data also were subjected to
quantitative computer analyses employing the fast Four-
ier transform (FFT).

Recording procedures. Nasal airflow was monitored
with a thermocouple (Control Products Co., Chicago, IL)
embedded in the tip of a stainless steel sheath (0.25 mm
outer diameter) and lowered vertically into the nasal
passage through a 27 gauge guide tube implanted in the
nasofrontal suture. The thermocouple assembly was po-
sitioned immediately rostral to the olfactory turbinates.
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The output of the thermocouple was inverted so that
inhalation (cooling of the probe) produced a positive
voltage swing, and the depth of the probe was adjusted
for maximum voltage swings during sniffing. The onsets
of individual sniff cycles were defined arbitrarily as the
positive zero crossings in the AC-coupled signal from the
thermocouple or as the zero phases of sine waves fitted
to the raw data using the FFT (see below).

Slow potentials were recorded from the dorsal hippo-
campal formation with a bipolar, twisted pair electrode
(125-pm-diameter stainless steel wires, Teflon-coated,
deep tip noninverting) implanted with the skull surface
leveled. A stainless steel skull screw over the frontal pole
served as an indifferent electrode. The vertical tip sepa-
ration and stereotactic coordinates of the implanted elec-
trode were varied across animals to investigate possible
differences in the relationship between sniffing and hip-
pocampal RSA as a function of recording location. Elec-
trodes were not placed in the ventral hippocampal for-
mation in order to avoid possible contamination of the
RSA with volume-conducted slow waves from the piri-
form cortex. Small electrolytic lesions were made after
completion of the behavioral testing to facilitate histo-
logical localization of the electrode tips. During testing,
recordings were made with unity gain fluid effect transis-
tor (FET) followers attached to the skull in order to
eliminate possible cable artifacts. The cable leads were
connected through a commutator/counterbalance as-
sembly. The electrode and thermocouple signals were
amplified (1.5- to 100-Hz bandpass) and recorded on
magnetic tape along with trial event markers.

Behavioral apparatus and training. The training
chamber consisted of a 48 X 72 cm metallic arena with a
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grid floor and slanted walls (Fig. 1). The chamber was
floating electrically and was contained within a sound-
attenuating shielded box. The rat was viewed inside of
the box with the use of a closed circuit video monitor. A
2.5-cm-diameter port was located in the center of one
wall of the training chamber and a water delivery cup
was positioned on the floor below the port. Odor stimuli,
phenethyl alcohol (Eastman) and geraniol (Givaudan),
were diluted to 4% of saturation in a flow dilution glass
and Teflon olfactometer and were presented through the
inner barrel of a concentric two-barrel nozzle positioned
outside of the chamber near the center of the port. Odors
were removed actively through the outer barrel by aspi-
ration at four times the 500 ml/min presentation rate. In
addition, an overhead fan with a charcoal filter ventilated
the shielded box continuously. The trial sequence and
presentation of stimuli were controlled electronically.
After a 1-week postsurgical recovery period, each rat
was deprived of water for 24 hr and thereafter received
water only during the daily training sessions and during
a 15-min free drinking period following each session. The
rat initially was shaped to insert its nose into the port
and break a photocell beam for at least 2 sec in order to
obtain a 0.05-ml water reward. During an 8-sec minimum
intertrial interval, a guillotine door prevented access to
the port. The rat subsequently was shaped to initiate
trials by walking across the center of the arena, thereby
breaking another photocell beam, and a 2-sec interval
was imposed between the time of trial initiation and the
raising of the guillotine door. Shaping was performed
without the presentation of odor stimuli and was contin-
ued until the rat consistently and rapidly initiated trials,
approached the port, and held its nose in the port for at
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Figure 1. Schematic diagram of the training chamber and olfactometer. See the text for description.
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least 2 sec (R+). Then odor stimuli, arbitrarily designated
as S+ and S—, were presented in random order on
successive trials. Rewards were given only for the R+
response in the presence of S+. Initially, nearly all re-
sponses were R+, but eventually, each rat would learn to
withdraw its nose in less than 2 sec (R—) in the presence
of S—. When a performance criterion of 90% correct in 20
consecutive trials was reached, an additional 40 trials
were allowed and then the valences of odor stimuli ab-
ruptly were reversed. Reversal training was continued
until the 90% performance criterion again was achieved
and at least 40 additional trials (overtraining) were com-
pleted. On each day, the rat was trained until it ceased
initiating trials for 10 min or until it had completed 250
trials. Several of the animals were trained on additional
reversals until they had acquired a reversal learning set.

In our initial experiments, the lowering of the guillotine
door was triggered immediately after a rat removed its
nose from the port. This procedure appeared to generate
false R~ responses in that the rats occasionally continued
to sniff vigorously at the port and thereafter displayed a
period of disrupted behavior. In later experiments, the
guillotine door was not lowered and response time con-
tinued to be accumulated if the rat reinserted its nose
within 140 msec. Due to the uncertainty which the latter
procedure introduced concerning the onset of the odor-
sampling period, such trials were excluded from the quan-
titative analyses.

Quantitative analyses and statistical treatments. The
tape-recorded data were digitized at 128 Hz for our
computer analyses. This report focuses on two 1-sec data
epochs from each trial of reversal training. The first
epoch, designated approach, began 2 sec before the re-
sponse onset (breaking of the photocell beam inside of
the port) and generally corresponded to the period of
whole body locomotion toward the port. The second
epoch, designated sampling, began when the photocell
beam inside of the port was broken. FFT analyses applied
to these 1-sec epochs yielded spectra having a Nyquist
frequency of 64 Hz with 1 Hz resolution. Amplitude and
phase spectra for sniffing and hippocampal RSA were
generated with the procedures described by Dumermuth
et al. (1972). These spectra were used to calculate the
relative amplitude spectra and resultant phase differ-
ences across trials as described under “Results.” The
statistical significance of resultants was evaluated with
procedures based on the Rayleigh test (Curray, 1956;
Durand and Greenwood, 1958; Zar, 1974).

Results

This report deals exclusively with data from the first
reversal in order to avoid interanimal variations which
might be related to differences in the rate of familiariza-
tion with the behavioral paradigm during initial discrim-
ination learning or in the rate of learning set formation
during subsequent reversals. The typical pattern of per-
formance during the first reversal was as follows. The rat
initially would continue to perform the previously
learned responses and, due to the reversal of stimulus
valences, would fail to obtain water rewards. The rat
soon reverted to the response pattern acquired during
shaping and exhibited R+ responses on nearly all trials.
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The latter strategy successfully achieved the average 50%
payoff and was continued for a considerable number of
trials. The rat then learned to withdraw its nose from the
port in less than 2 sec during presentations of the current
S— stimulus (which now was never followed by rewards)
and continued to perform well above chance levels during
the period of overtraining.

Qualitative analyses. Figure 2 illustrates sets of rec-
ords taken from the block of trials in which a rat again
began to increase its incidence of R— responses but had
not yet achieved criterion level performance. The records
are of 4 sec duration and are centered at the beginning of
the sampling epoch (upward deflection of the event
marker). During the first 1-sec epoch of each set (ap-
proach), the hippocampal record contained characteris-
tically high amplitude, relatively fast RSA, and the ther-
mocouple record showed relatively slow breathing. Most
of the hippocampal records showed an abrupt decrease
in the amplitude and frequency of the RSA shortly before
the beginning of the sampling epoch. This change com-
monly occurred when the animals had reached the port
and stood waiting for the guillotine door to open and
characteristically continued into the sampling epoch.
During the sampling epoch, the rats exhibited high fre-
quency (greater than 4 Hz) sniffing. These sniffing bouts
typically began upon opening of the guillotine door and
before insertion of the nose into the port. High frequency
sniffing at the water cup also was common following
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Figure 2. Sample records (fop) and averaged sniffing and
hippocampal RSA for a block of 40 precriterion trials (bottom)
during odor discrimination reversal learning. The raised por-
tions of the event marker records indicate periods when the
animal (RM-8) had its snout inserted in the sniff port. The
arrowhead identifies the onset of the sniff cycle used to align
each record for the trial averages (i.e., the first complete sniff
cycle following insertion of the snout into the sniff port). The
animal was rewarded if it held its snout inside of the port for at
least 2 sec during S+ trials and never was rewarded during S—
trials. The individual records and trial averages illustrate the
tendency of the animal to entrain its sniffing bouts to ongoing
trains of hippocampal RSA.
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Figure 3. Relative amplitude spectra of hippocampal RSA during the approach and sampling epochs. The spectra for RM-11
are based on 454 trials; the numbers of trials for the other 5 animals are listed in Figure 5. All 6 of the animals exhibited a
tendency toward lower frequency RSA during the sampling epochs.

withdrawal of the nose from the port. Unless the guillo-
tine door already had opened by the time an animal
reached the port following initiation of a trial, the sniffing
bouts typically did not commence until shortly after the
decrease in the amplitude and frequency of hippocampal
RSA.

Our qualitative analyses indicated that, during the
periods when a rat had its nose inserted in the port and
during sniffing at the water cup, the sniffing bouts tended
to become entrained to the hippocampal RSA such that
individual sniff cycles within a bout occurred with the
same repetition rate as individual cycles of the RSA. The
repetition rate varied somewhat from one entrainment to
another. Also, entrainments were not observed on all
trials. They were common during the early, typically
unrewarded trials of reversal training before the animals
reverted to a predominantly R+ pattern of responding.
Entrainments also were common during the early trials
of each day and were observed most consistently during
the trials shortly preceding the attainment of criterion
level performance. The traces at the bottom in Figure 2
illustrate our qualitative analyses using averaging pro-
cedures for a block of precriterion trials. The first sniff
cycle within each sampling epoch was located using a
peak detection routine, and the individual trial records
were shifted so that these first sniff cycles would be
aligned. The thermocouple and the hippocampal record
of each set then were summed across trials and divided
by a scale factor. The thermocouple average in Figure 2
shows a burst of sniffing distributed about the sniff cycle
used to align each record (arrowhead). The hippocampal
average shows a train of oscillations approximately cor-
responding to the period of lower amplitude, slower RSA
in the raw data records. This train of averaged RSA
extends throughout the period corresponding to the sam-

pling epochs and begins before the burst of averaged
sniffing. The amplitude of averaged RSA during the yet
earlier period corresponding to the approach epochs is
reduced markedly, despite the presence of characteristi-
cally high amplitude RSA during individual approach
epochs in the raw data records. Such averages support
our visual impressions from graphic displays of the raw
data that (i) the changes in RSA shortly preceded the
investigatory sniffing and (if) during the sampling epochs,
individual sniffs tended to occur with a preferred tem-
poral relationship to cycles of ongoing RSA. However,
because such averages do not specifically take into ac-
count the variations in sniffing and RSA frequencies
across trials, they cannot distinguish whether sniffing
exhibits a preferred phase or a preferred latency relation-
ship to the RSA.

Quantitative analyses. The apparent differences in the
amplitude and frequency of hippocampal RSA during
the approach and sampling epochs were quantified with
the use of power spectra (cf., Dumermuth et al., 1972).
The amplitude components of the individual spectra (i.e.,
square root of power at each frequency) for each of these
two epochs were summed across trials for each animal
without normalization, and then a scale factor was ap-
plied such that the largest amplitude component in either
of the two summed spectra over the 1- to 12-Hz band
was represented as 100%. These relative amplitude spec-
tra for the approach (dashed lines) and sampling (solid
lines) epochs are illustrated in Figure 3. All 6 of the
animals exhibited a shift toward lower amplitude, slower
RSA during the sampling epoch. For most of these ani-
mals, the RSA during the sampling epoch had power
predominantly in the 5- to 8-Hz band with a peak at 6 or
7 Hz. One animal (RM-8) had power predominantly in
the 6- to 9-Hz band with a peak at 8 Hz. In subsequent
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analyses, the temporal relationship between sniffing and
RSA therefore was examined over the 5- to 8-Hz band
for 5 of the animals and over the 6- to 9-Hz band for RM-
8.

The subsequent analyses were designed to characterize
the parameters of the temporal relationship for individ-
ual animals and to generate a measure of its statistical
significance across blocks of trials. As can be seen in
Figure 2, the waveform of the hippocampal RSA is not
strictly sinusoidal but is more similar to a sawtooth and
can vary in the sharpness of its peaks and troughs or in
the slopes of its rising and falling phases from one wave
to the next. The waves in the thermocouple record during
investigatory sniffing bouts also exhibit such variations,
and the bouts occasionally are mixed with slower breath-
ing (i.e., waves whose periods are outside of the RSA
band during the sampling epoch as defined above).
Therefore, rather than attempting to analyze the rela-
tionship between investigatory sniffing and the hippo-
campal RSA on a wave-by-wave basis within each train,
we employed modeling procedures based on the FFT to
minimize errors due to variations in individual waveforms
and to obviate the need for judgements as to whether
individual cycles in the thermocouple record were or
were not part of a sniffing bout. These procedures focused
on the cyclic (i.e., repetitive) properties of investigatory
sniffing and hippocampal RSA and sought to characterize
the temporal relationship between rhythmic sniffing be-
havior and the pacemaker activity which drives hippo-
campal RSA during periods of entrainment between the
sniffing and limbic § rhythms.

To perform the analyses, the phase angle of each
frequency component in the power spectra was expressed
as the phase of an equivalent sine wave (cf., Dumermuth
et al., 1972), and, for each trial, the phase difference
between sniffing and RSA during the sampling epoch
was modeled as follows. The dominant (highest ampli-
tude) frequency component of sniffing within the chosen
frequency band was identified in the power spectrum;
the phase difference (0 to 360°) between sniffing and
RSA at this dominant frequency then was determined by
subtracting the phase angle of the sniffing component
from the phase angle of the RSA component using polar
arithmetic. This procedure generated a matrix of phase
differences as a function of dominant sniffing frequency
across trials for each animal. If a rat did not entrain its
sniffing to the limbic # rhythm reliably or if a rat’s sniffing
bouts did tend to adopt the same frequency as the
ongoing 6 rhythm but without a preferred phase or
latency relationship, then the distributions of phase dif-
ferences at each frequency within such a matrix would
approach randomness. If a rat tended to entrain its
sniffing to the § rhythm with a preferred phase relation-
ship, the distributions of phase differences within the
matrix each would have a peak and would be similar
across frequencies. If, as suggested by our previous find-
ings in the hamster (Macrides, 1975; Youngs et al., 1978),
the entrainments were characterized by a preferred la-
tency relationship between the onsets of sniff cycles and
a particular phase of the pacemaker activity which
derives the 8 rhythm and the recorded RSA, the matrix
would exhibit a frequency-dependent variation in phase
differences, and regression analyses could be performed
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to determine the latency for each animal. Once the
parameters of the temporal relationship were character-
ized from the overall matrix, an appropriate correlational
statistic could be developed to assess the consistency
with which an animal exhibited the relationship across
any selected blocks of trials.

Analyses of the matrices indicated that the phase
differences between sniffing and RSA varied linearly as
a function of frequency and thus reflected a preferred
latency relationship. This variation is illustrated for ani-
mal RM-9 in Figure 4. The distributions of phase differ-
ences are plotted as incidence histograms for each fre-
quency. x° tests applied to these distributions confirmed
that, at each frequency, the rat exhibited a preferred
phase relationship between sniffing and RSA (p < 0.001,
0.001, 0.05, 0.001 for 5 to 8 Hz, respectively). It is also
apparent from inspection of these histograms that the
preferred phase relationship shifted toward progressively
smaller phase differences with increasing frequency. This
systematic variation was confirmed by computing a re-
sultant phase difference at each frequency and then
calculating a least squares line for the four resultants. To
compute the resultants, the phase difference for each
epoch was treated as a vector with unity amplitude and
the vectors were summed using polar arithmetic. For this
animal, the preferred phase differences tended to be
reduced by 44° for each 1-Hz increase in frequency as
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Figure 4. Phase relationship between sniffing and hippocam-
pal RSA as a function of the dominant sniffing frequency during
the sampling epochs. At the top, the data from 658 trials for
animal RM-9 are plotted as incidence histograms. At the bot-
tom, resultant phase differences (see the text) derived from
these same data are plotted as a function of frequency together
with the least squares regression line. The preferred phase
difference decreased by 44° for each 1-Hz increase in dominant
sniffing frequency.
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Figure 5. Analysis of the preferred temporal relationship between sniffing and hippocampal RSA based on a modification of
the Rayleigh test. The curves on the left were derived by computing the resultant amplitude (R) for each animal at each of 360
assumed slopes of the nature shown in Figure 4 (see text) and are plotted over a range which includes their maxima (N = number
of trials for each animal). These maxima define the slope which best characterizes the rate of change in preferred phase difference
between sniffing and RSA as a function of the dominant sniffing frequency during the sampling epochs.

indicated by the slope of the least squares line (Pearson
r=—0.98; p < 0.05).

The analyses in Figure 4 are presented primarily to
illustrate the frequency dependence in the phase differ-
ence data and the general principles which underlie the
quantitative analyses of the temporal relationship be-
tween the sniffing and limbic # rhythms. The use of a
least squares line to determine the changes in phase
difference with frequency is not a powerful procedure
because it requires that a data matrix be collapsed into
four points and thus does not take into account the
number of phase difference measurements at each fre-
quency. Least squares lines cannot be calculated directly
from the data matrices because the phase differences
have a circular distribution (cf., Youngs et al., 1978, for
a nonparametric solution). To illustrate further the prin-
ciples which underlie our present analyses, consider the
following. If we had collapsed the data in Figure 4 across
frequencies and plotted a single incidence histogram, the
existence of a preferred temporal relationship between
sniffing and RSA might have been obscured because the
peaks of the phase difference distributions differ across
frequencies. However, if we first rotated each data point
in the matrix for this animal through —44°/Hz, the peaks
of the phase difference distributions at each frequency
would become aligned. We then could appropriately col-
lapse across frequencies to construct a single incidence
histogram or compute an overall resultant for the data
matrix. The amplitude of the latter resultant would re-
flect the strength of the temporal relationship across
frequencies and would provide a powerful statistic for
assessing whether the distribution of phase differences
throughout the matrix differs from that which would be
expected by chance (see below). Furthermore, if we ro-
tated each data point through somewhat more or some-
what less than —44°/Hz, the peaks of the distributions at
each frequency would be less well aligned and the ampli-
tude of the overall resultant would be reduced. Thus, a

plot of resultant amplitude as a function of assumed
slope (i.e., change in preferred phase difference per Hz)
should take the form of an inverted U with a maximum
at the slope which best characterizes the rate of change
in preferred phase difference with dominant frequency.
The construction of such a plot and determination of the
slope which yields a maximum resultant amplitude is
essentially a form of regression analysis.

The latter type of plot was constructed for each data
matrix as follows. A series of slopes in the range of
—180°/Hz to 179°/Hz at 1° intervals each was assumed,
the appropriate rotations of the phase difference meas-
urements for each assumed slope were performed, and
the corresponding 360 overall resultant amplitudes (R)
each were computed. Because the phase difference meas-
urements have a circular distribution, a slope of —180°/
Hz is equivalent to a slope of 180°/Hz. One animal (RM-
11) did not have a significant R (p < 0.05) with any
degree of rotation (see below). The curves for the other
5 animals are presented in Figure 5 over a range of
assumed slopes which includes their maxima. The prob-
ability of obtaining a resultant amplitude greater than R
by pure chance varies with e %%, where N is the number
of measurements (see discussion of the Rayleigh test in
Curray, 1956). The data therefore are plotted as R*/N on
a logarithmic scale so that the ordinates reflect the
relative significance levels of the resultant amplitudes.
The maximum for each animal is indicated on the appro-
priate curve, and the corresponding slope is listed at
right in Figure 5. Across the 5 animals, these slopes of
best fit ranged from —44°/Hz to ~66°/Hz (mean = —54°/
Hz) and their significance levels ranged from p < 0.02
(RM-8) to p < 107% (RM-9). The slopes of best fit
corresponded to those obtained with the procedures il-
lustrated in Figure 4, but, as expected, the procedures in
Figure 5 were more powerful in that they yielded more
extreme significance levels.

The phase angle of the resultant with maximum am-
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plitude is formally equivalent to the y intercept in a
linear regression analysis (i.e., in a relationship which
could be described by an equation with the general form,
y = b + m-x). We will refer to this phase angle as the
constant, ®,. We will refer to the preferred phase differ-
ence at any frequency in the sniffing and RSA band as
the variable, ®, (f), where f is the frequency. Because of
the direction of subtraction used in our phage difference
measurements, ®o(f) is equivalent to the phase of RSA
at the defined onsets (zero phases) of sniff cycles which
exhibit the preferred temporal relationship between snift-
ing and RSA. Our analyses support the interpretation
that ®o(f) decreases linearly across the examined fre-
quencies in the sniffing and RSA band. The preferred
phase difference at any of these frequencies therefore
can be described by the equation

Dolf) = ©, + slope-f+ n-360

where slope is the slope of best fit and » is 0 or an integer
such that ®o(f) falls in the range of 0 to 360°. The
experimentally determined negative quantity, slope, can
be used to calculate a positive quantity, 7, from the
equation

slope deg/Hz = —7 msec.360°/cycle + 1000 msec/sec
and the preceding equation can be expressed as
@(f) = D, ~ 0.36.7-f + n-360

The latter equation directly describes the temporal re-
lationship between sniffing and RSA during entrain-
ments as exhibiting a preferred latency, where 7 is this
latency in milliseconds. The preferred latency relation-
ship is modeled in Figure 6 using experimentally deter-
mined parameters from 3 animals. The slopes of best fit
and the corresponding values of 7 for these 3 rats span
the range of values for animals with significant maximum
resultant amplitudes (mean value of 7 = 149 msec; N =
5). As is illustrated in Figure 6, the phase difference
between sniffing and RSA varies across frequencies in a
manner such that, regardless of the frequency, the zero
phase of each sniff cycle occurs r msec before the partic-
ular phase, ®.°, of the RSA.

As is also illustrated in Figure 6, the experimentally
determined values of @, differed considerably for differ-
ent animals. The RSA recorded in the hippocampal
formation exhibits phase reversals when an electrode tip
crosses the stratum pyramidale in the hippocampus or
the stratum granulosum in the dentate gyrus (cf., Winson,
1974, 1976). If the preferred latency relationship were
such that the animals timed their sniffs relative to a
uniform phase of the pacemaker activity which drives
the limbic @ rhythm and the recorded RSA, then the
experimentally determined values of ®. would vary
across animals in relation to the locations of the electrode
tips in the hippocampal formation. Figure 7 shows the
locations of the noninverting tips (solid circles) and
inverting tips (open circles) for the 6 animals. For the rat
which did not exhibit a significant relationship between
sniffing and RSA (RM-11), the noninverting tip had
passed through the dentate gyrus and neither tip of the
electrode was positioned in the hippocampal formation.
At the upper right in Figure 7, the locations of the
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Figure 6. Model of the preferred temporal relationship be-
tween sniffing and the limbic 6 rhythm. Across frequencies, the
phase difference between sniffing and hippocampal RSA varies
in a manner such that the zero phases of sniff cycles (stars)
occur at a preferred interval, r msec (bars), before the particular
phase, ®.° (solid circles), of the RSA. This latency relationship
is illustrated for 3 animals using sinusoidal waves and experi-
mentally determined values of T and ®, (bottom).

noninverting tips for the other 5 animals are shown
schematically relative to the strata pyramidale and gran-
ulosum. A series of five sinusoidal waves having equal
periods are drawn at the lower right. Each wave has a
symbol demarking ®. for 1 of the animals, and the waves
have been drawn with these phases aligned vertically.
When the waves are so aligned, they show the kinds of
phase reversal that would be expected from the variations
in recording tip location. Our results therefore are con-
sistent with the interpretation that, during the sampling
epochs, these animals exhibited entrainments with a
preferred latency relationship between the onsets of their
sniff cycles and a particular phase of the pacemaker
activity which drives the limbic 4 rhythm.

Our impression from graphic displays of the raw data
was that the consistency with which the animals ex-
hibited this relationship varied during the course of train-
ing (see above). To evaluate the variation, the trials were
grouped into blocks of 40 and the resultant amplitudes
were calculated for the sampling epochs using each rat’s
slope of best fit. Figure 8 shows the variations in resultant
amplitude (expressed as R*/40) for the two blocks which
immediately preceded the achievement of criterion level
performance (solid bars) and for the block which in-
cludes the criterion run and the immediately following
20 trials of overtraining (open bars). Across animals, the
resultant amplitudes were consistently high for the block
of 40 trials which preceded the criterion run, and all of
the animals showed some increase from the yet earlier
block of 40 trials. Four of the 5 animals showed a decrease
in resultant amplitude during the criterion and overtrain-
ing block, and in 3 of the animals this decrease was
appreciable. Also, the 2 animals which did not exhibit an
appreciable decrease (RM-9 and RM-10) were the slow-
est to acquire the reversal (cf., number of trials in Fig. 5),
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and both animals exhibited a weakening of the relation-
ship during later trials of overtraining. The tendency of
the animals to exhibit the preferred latency relationship
thus was not associated specifically with correct perform-
ance. Rather, the preferred latency relationship was ob-
served more reliably during periods when the animals
were most likely to be evaluating the behavioral rele-
vance of the stimuli and were in the process of modifying
their behavior in relation to those stimuli.

Discussion

Previous analyses of the § rhythm have focused either
on the gross behavioral correlates of its presence or
absence (cf., Vanderwolf, 1975; Berry and Thompson,
1978) or on the timing of specific neural or behavioral
events as a function of # cycle phase (cf., Komisaruk,
1977). We have attempted to join these two concerns by
creating a behavioral paradigm which allows repetitive
observation of both gross and cyclic temporal relation-
ships between selected behaviors and the 6 rhythm dur-
ing the acquisition of learned responses and performance
of a sensory discrimination (cf., Eichenbaum, 1981). Rel-
atively high frequency, large amplitude RSA is associated
with gross locomotory approach behavior in our task.
Since Vanderwolf’s (1969) initial report, numerous inves-
tigators have confirmed the association of hippocampal
8 activity with locomotion in a variety of experimental
situations (cf., Vanderwolf and Robinson, 1981). During
odor sampling in our task, the rats are immobile except
for those movements associated with sniffing behavior.
Hippocampal RSA is present reliably during these pe-
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riods and tends to be lower in frequency and amplitude
than the RSA recorded during locomotory approach.
Hippocampal RSA has not commonly been observed
during relative immobility in waking rats but has been
demonstrated previously to occur during relative immo-
bility in other learning paradigms specifically designed to
discourage or delay the locomotory behavior or gross
bodily movements of the rats (Vanderwolf, 1969, 1975;
Whishaw, 1972). Hippocampal RSA is observed more

100 A

P CRITERION AND
.PRE CRITERION OVERTRAINING
10 -
R2
/a0
1- ‘]
0.1 -

RMm-8 RM-9 RM-10 RM~-12 RM-13

Figure 8. Variations in the consistency of the preferred
latency relationship between sniffing and the # rhythm during
the sampling epochs across successive blocks of 40 trials. Re-
sultant amplitudes (R) were calculated using each animal’s
slope of best fit. In 4 of the 5 animals, the highest degree of
consistency was exhibited during the 40 trials immediately
preceding the achievement of criterion level performance.
Three of the 5 animals exhibited appreciably lower consistency
of the relationship during the criterion and overtraining block,
indicating that the relationship was more prevalent when ani-
mals were in the process of modifying their responses to dis-
criminant odor stimuli.

Sp—=
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Figure 7. Relationship between hippocampal electrode placements and values of @.. The locations of the noninverting (solid
circles) and inverting (open circles) electrode tips are indicated for each of the 6 animals. At the upper right, the locations of the
noninverting tips relative to the stratum pyramidale (SP) and stratum granulosum (SG) are shown together with the experimen-
tally determined values of @, for the 5 animals which exhibited significant correlations between sniffing and hippocampal RSA.
At the lower right, a series of tive sinusoidal waves aligned with respect to @. illustrate depth-related phase reversals as would be
expected if these animals were exhibiting a preferred latency relationship to a uniform phase of the pacemaker activity which

drives the 8 rhythm and the recorded RSA.
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readily during relative immobility in waking rabbits, cats,
and dogs and during urethane- or ether-induced anesthe-
sia in the rat (cf., Robinson, 1980). The hippocampal
RSA which normally occurs during relative immobility
in the waking state or during ether- or urethane-induced
anesthesia has been shown to be blocked by atropine in
both the rabbit and the rat, and, in both species, an
atropine-insensitive RSA of generally higher frequency
is present during motor patterns such as walking, head
movements, or rearing (Kramis et al., 1975; Vanderwolf,
1975). The differences in the spectral characteristics of
the RSA recorded during the approach and sampling
epochs in our task may reflect differences in the depend-
ence of the RSA on the integrity of central cholinergic
mechanisms but also could be related to other variables,
such as the vigor of motor activity (Whishaw and Van-
derwolf, 1973).

Our analyses further indicate that, during the sampling
epochs, rhythmic sniffing tends to occur with a preferred
latency relationship to the limbic # rhythm. This tend-
ency is particularly strong shortly before the attainment
of criterion level performance. The timing of investiga-
tory sniffs as a function of 8 cycle phase thus may be
important for neural processing of sensory and/or motor
information of relevance for response modification. The
olfactory bulb and olfactory cortices have heavy projec-
tions to the lateral entorhinal cortex (Davis et al., 1978;
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Haberly and Price, 1978a, b; Kosel et al., 1981), which in
turn projects to the dentate gyrus, hippocampus, and
subiculum (Steward, 1976; Steward and Scoville, 1976).
The temporal relationship may provide a neural basis for
modulating olfactory input to the hippocampal formation
when an animal is evaluating the behavioral relevance of
odors (cf., Macrides, 1976; Komisaruk, 1977; Rudell et al.,
1980; Deadwyler et al.,, 1981). It should be stressed,
however, that the preferred latency relationship need not
be important for information processing solely within the
hippocampal formation. Our analyses of this relationship
as a function of recording tip location within the hippo-
campal formation indicate that the timing of sniffs is
correlated with the pacemaker activity in the medial
septum-diagonal band complex which drives the hippo-
campal RSA (cf., Petsche et al., 1962, 1965). As illustrated
in Figure 9, recent anatomical studies have demonstrated
projections from the medial septum-diagonal band com-
plex to the main olfactory bulb (MOB) and to the cortical
olfactory, amygdaloid, and parahippocampal regions
which receive inputs from the MOB as well as extensive
interconnections among these cortical structures and the
hippocampal formation (Beckstead, 1978; Davis et al.,
1978; Davis and Macrides, 1981; Haberly and Price,
1978a, b; Luskin and Price, 1982; Macrides et al., 1981;
Macrides and Davis, 1983; Mitchell et al., 1982; Sgrensen
and Shipley, 1979; Swanson and Cowan, 1977). In record-
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———— -
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Figure 9. Schematic diagram of the interconnections among olfactory and limbic cortical structures and projections to these
structures from the medial septum-diagonal band complex. By virtue of its projections, the medial septum-diagonal band complex
may provide #-related modulation of information processing throughout the olfactory system and the related structures of the

limbic system.
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ings from paralyzed animals which have their normally
pulsatile nasal airflow interrupted, we have observed
strong correlations between the bursting activity of single
MOB units and individual cycles of the hippocampal
RSA (Macrides et al., 1979). These anatomical and elec-
trophysiological findings suggest that the pacemaker sys-
tem for hippocampal RSA also drives # activity in the
olfactory system, and thus the timing of sniffs relative to
# cycle phase may be important for the modulation of
information processing throughout the olfactory system
and the related structures of the limbic system.

Our finding that the onsets of sniff cycles tended to
lead a phase of the recorded RSA (®,) raises concern
that the hippocampal recordings may have represented
sensory and/or motor evoked responses either occurring
within the hippocampal formation or volume-conducted
from other brain structures and thus might not have
been a valid monitor of the limbic § rhythm. Our failure
to find a significant correlation for the animal whose
noninverting recording tip had passed through the hip-
pocampal formation and our finding that, for the animals
with significant correlations, the values of ®, varied as
would be expected based on the locations of the recording
tips relative to the phase reversal regions within the
hippocampal formation provide compelling evidence
that, in the latter animals, our recordings predominantly
represented endogenous hippocampal activity. Also, our
observation that trains of averaged RSA tended to begin
before and to be of longer duration than trains of aver-
aged sniffing during the periods of odor sampling (cf.,
Fig. 2) increases our confidence that the quantitative
analyses characterized the relationship between bouts of
investigatory sniffing and ongoing trains of hippocampal
RSA (i.e., if the sniffing were eliciting the RSA or reset-
ting its phase, the trains of averaged RSA would not
have commenced before the trains of averaged sniffing).
Based on the anatomical interconnections illustrated in
Figure 9, it would be surprising if odor-evoked and/or
motor-related neuronal activity in the hippocampal for-
mation were not at all affected by the temporal patterns
of investigatory sniffing. Indeed, the trains of averaged
RSA typically were superimposed on a baseline shift
following the onset of, and lasting through, the trains of
averaged sniffing (cf., Fig. 2). This slow potential proba-
bly represents an evoked response associated with the
sniffing bouts. However, because we saw no consistent
changes in the amplitude of averaged RSA shortly fol-
lowing the trains of averaged sniffing and this slow po-
tential and because, in the raw data records, we saw no
obvious relationship between the amplitude of the RSA
and the presence or absence of entrained sniffing, the
evoked sensory and/or motor responses do not appear to
have been reflected prominently within the RSA fre-
quency band. f-related variations in the amplitude of
hippocampal evoked population potentials following
electrical stimulation of hippocampal afferents as re-
ported by Rudell et al. (1980) may be due to an extraor-
dinary synchrony in the afferent volley and may be
influenced by concomitant antidromic stimulation of ef-
ferent projections from the hippocampal formation or
from the medial septum-diagonal band complex (cf., Fig.
9). Under more natural conditions, f-related modulation
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of afferent input to the hippocampal formation might
alter the spatial and/or temporal patterns, but not the
overall synchrony, of evoked neuronal activity. The find-
ing of Buno et al. (1978) that electrical stimulation of the
entorhinal cortex can reset the phase of hippocampal
RSA also may be related to concomitant antidromic
stimulation of hippocampal efferents and of the ¢ pace-
maker system in the medial septum-diagonal band com-
pex. The hippocampal recordings thus can be assumed
to have provided a valid, albeit indirect, monitor of the
endogenous pacemaker activity which drives the limbic
# rhythm.

The present findings are consistent with Komisaruk’s
(1970) speculation that temporal regulation of explora-
tory movements is important for the processing of sen-
sory inputs to the limbic-hypothalamic system and with
our speculation (Macrides and Chorover, 1972) that the
cyclic aspects of olfactory sampling play a role in olfac-
tory processing. The definition of sniff cycle onset in our
analyses is arbitrary. When animals exhibit entrainments
with the preferred latency relationship, individual cycles
of the sniffing rhythm can be conceptualized as leading
individual cycles of the # rhythm by approximately 150
(7) msec, and thus, any arbitrarily selected phase in the
sniff cycle exhibits this preferred latency relationship to
a respective phase of the § rhythm. Furthermore, the
experimentally determined values of T would be expected
to vary somewhat as a function of the anterior-posterior
placement of the thermocouple in the nasal cavity, be-
cause the placement affects the time during the sniff
cycle when newly inhaled air first reaches the thermo-
couple and produces measurable cooling (Macrides,
1975). Our single unit studies in rodents indicate that
many neurons in the MOB exhibit inhalation-related
bursting activity, that the timing of these bursts relative
to the onsets of airflow into the nasal cavity can vary by
hundreds of milliseconds depending on the odorants in
the inhaled air, and that different MOB units can exhibit
markedly different burst latencies for any particular
odorant or mixture of odorants (Macrides and Chorover,
1972; Macrides, 1976, 1977). Therefore, although, when
animals in this study exhibited the preferred latency
relationship, the defined onsets of sniff cycles occurred
before a particular phase of the 8 rhythm, the excitatory
responses of central neurons are likely to have been
distributed both before and after this 8 cycle phase.
During entrainments, the § rhythm might function as a
coherent time base for central olfactory and limbic struc-
tures and thereby facilitate analysis of odor-induced vari-
ations in the timing of neuronal activity relative to the
sniff cycles (cf., Macrides, 1975).
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