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Abstract

Serotonergic cells are located in a restricted number of brainstem nuclei, send projections to
virtually all parts of the central nervous system, and are critical to normal brain function. They
discharge tonically at a rate modulated by sleep/wake cycle and, in the case of medullary
serotonergic cells in raphe magnus and the adjacent reticular formation (RM), are excited by cold
challenge. Yet, beyond behavioral state and cold, endogenous factors that influence serotonergic
cell discharge remain largely mysterious. The present study in the anesthetized rat investigated
predictors of serotonergic RM cell discharge by testing whether cell discharge correlated to three
rhythms observed in blood pressure recordings that averaged >30 minutes in length. A very slow
frequency rhythm with a period of minutes, a respiratory rhythm, and a cardiac rhythm were
derived from the blood pressure recording. Cross correlations between each of the derived
rhythms and cell activity revealed that the discharge of 38 of the 40 serotonergic cells studied was
significantly correlated to the very slow and/or respiratory rhythms. Very few serotonergic cells
discharged in relation to the cardiac cycle and those that did, did so weakly. The correlations
between serotonergic cell discharge and the slow and respiratory rhythms cannot arise from
baroreceptive input. Instead we hypothesize that they are by-products of on-going adjustments to
homeostatic functions that happen to alter blood pressure. Thus, serotonergic RM cells integrate
information about multiple homeostatic activities and challenges and can consequently modulate
spinal processes according to the most pressing need of the organism.

INTRODUCTION

Serotonergic neurons comprise less than a quarter of the cells in the rat medullary raphe
magnus and adjacent reticular formation (collectively referred to as RM here), but are the
major source of serotonin in the spinal and medullary dorsal horns (Dahlstrom and Fuxe
1964; Oliveras et al. 1977; Potrebic et al. 1994). Serotonergic RM cells have been
implicated in a number of physiological processes including pain modulation, sleep-wake
control, and cold defense. However, no clear picture has emerged of serotonergic cell
functions in part because the endogenous factors that influence the discharge rate of
serotonergic RM cells remain largely unknown.
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The discharge of presumed serotonergic RM cells is related to thermoregulatory status, with
elevated discharge rates elicited by central or peripheral cold challenge (Dickenson 1977;
Nason and Mason 2006). Recordings from presumed serotonergic cells in awake cats
suggest that serotonergic raphe cells in both the midbrain and medulla discharge at higher
rates during waking than during slow wave sleep and are nearly silent during the atonia of
paradoxical sleep, reflecting a strong influence of state and motor activity upon serotonergic
cell discharge (Fornal et al. 1985; Heym et al. 1982; Trulson and Jacobs 1979). More
recently, evidence from rat studies has raised the intriguing possibility that serotonergic
dorsal raphe cells have diverse relationships to the sleep-wake cycle (Kirby et al. 2003;
Urbain et al. 2006). However, signals beyond cold and state/motor activity that influence
serotonergic cell discharge have not been identified. Recently, we noticed that some RM
serotonergic cells in anesthetized rats noticeably vary their discharge in relation to changes
in blood pressure that have a period of many minutes. No cardiovascular afferent senses
blood pressure changes over the time scale of minutes, making it unlikely that a reflex arc
mediates such slow changes in blood pressure. Instead the brain may generate these slow
pressure rhythms as a by-product of a homeostatic action such as cutaneous vasomotion
(Cowley 1992; Osborn et al. 2005).

The present study was initially designed to rigorously test whether a correlation exists
between the discharge of serotonergic RM cells and slow spontaneous changes in blood
pressure. In addition, because it was computationally straightforward to extend our study to
analyze potential correlations between serotonergic cell discharge and respiratory and
cardiac cycles, we have done so.

Surgical preparation

Protocol

Male Sprague-Dawley rats (240-400 g; Sasco, Madison, WI) were deeply anesthetized with
1.8-2.0% halothane (n=29) or isoflurane (n=7) in oxygen via a tracheal catheter.
Transcutaneous needle electrodes were placed on either side of the thorax in order to record
the electrocardiogram (EKG). A catheter was inserted into the brachial or femoral artery for
recording of arterial blood pressure and a small craniotomy was made for the introduction of
recording microelectrodes. pCO, was not measured. Core body temperature of all rats was
maintained at 37-38°C by use of a water-perfused heating pad and a plastic cover over the
rat.

When the surgical preparation was complete, anesthetic concentration was decreased to 1.0—
1.2% and the rat was allowed to equilibrate for 2—-3 hours. This anesthetic concentration
produced a light plane of anesthesia at which the rats were able to withdraw from a noxious
stimulus but showed no gross purposeful movement in the absence of noxious stimulation.
After, a glass micropipette was introduced into the region of the RM (P 1.5-2.6 mm from
interaural zero, L 0-1.0 mm, V 9.0-10.5 mm from the cerebellar surface) and a
spontaneously active unit was isolated.

Neuronal activity and arterial blood pressure were simultaneously recorded for 15-55 min in
the absence of intentional peripheral stimulation and at a steady-state concentration of
anesthesia. To confirm that each cell met physiological criteria previously established for
serotonergic cells (Mason 1997), the mean (x) and standard deviation (SDg)) of the
interspike intervals were calculated from the first 5 min of the recording. For each cell, the
value of the function, y(x, SD|g|) = 146 — x + 0.98 SD)g; was calculated, where x is the
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mean interspike interval (in ms) and SD,g is the standard deviation of the intervals (in ms).
Cells were classified as p5SHT if the function value was less than zero (Mason 1997).

Neurons that remained after the complete physiological protocol were intracellularly labeled
with Neurobiotin which was subsequently visualized with a Texas Red fluorophore. These
cells were then processed for serotonin immunofluorescence, using a Bodipy fluorophore, as
previously described (Mason 1997). In the case of cells that were not intracellularly labeled,
the recording site was marked by either iontophoresing Neurobiotin into the extracellular
space or electrolytic lesion.

Data was acquired onto a computer attached to a Micro1401 A/D converter (CED,
Cambridge, UK). The unit was acquired at 20 kHz, and the blood pressure at 250 Hz.
Activity from single cells was discriminated off-line (Spike2, CED, Cambridge, UK).

After decimating the blood pressure record by 5, the data consisted of blood pressure,
sampled at 50 Hz, and the times of p5HT cell discharge, acquired with an accuracy of 5 ps.
To work with the blood pressure and cell discharge data at the same time, it was necessary
to transform the discrete list of firing times into some sort of a regularly sampled array. We
considered three options: (1) assigning a frequency to each firing time and then interpolating
to a signal sampled at 50 Hz, (2) modeling each spike as a smoothed bump function and
constructing a waveform by adding these, or (3) rounding the time of each event to the
nearest 1/50™ of a second, and constructing an array of ones and zeroes, with the ones
marking when a spike occurred. The first option was ruled out because, in addition to the
possible artifacts introduced by the interpolation procedure, it was not clear how to correctly
compute a frequency for each datum point. The second option seemed computationally
complicated and involved needless processing when compared with the third option. The
third option does indeed slightly distort the original data, by moving each event slightly in
time. However, the rounding is done with no skew toward one direction or the other.
Further, the error introduced with each approximation is at most 10 ms, whereas spikes
occur at a mean interval of at least 300 ms. Being also straightforward to compute, we chose
this method for turning the discrete nerve cell data into an array containing 50 samples/s.

In order to obtain frequency information regarding the blood pressure and cell, a Fourier
transform was performed on each signal. A Fourier transform of the unit discharge revealed
no obvious peaks. In contrast, upon applying a Fourier transform of the blood pressure,
peaks were consistently found at about 5.5 Hz and 1.4 Hz, corresponding to cardiac and
respiratory cycles, respectively (see Results). Beyond harmonics of these frequencies, no
other peaks were found in the blood pressure signal. To extract cardiac, respiratory and slow
rhythms from the blood pressure, three inverse transforms were applied. For instance, to
extract the cardiac rhythm, all values in the transform outside of the cardiac frequency range
were set to zero, and then an inverse transform was applied. A similar method was used to
extract the respiratory rhythm from the blood pressure wave. Finally, to extract the slow
component of the blood pressure signal, values in the transform greater than about 0.05 Hz
were set to zero before applying an inverse transform. Linear trends were subtracted from
each rhythm and all components were normalized to values averaging 3 and ranging
between 1 and 5.

At this point of the analysis, there were three blood pressure arrays and one cellular
discharge array. The same analysis was applied to each pair of one blood pressure array with
the discharge array (A and B). Both arrays were of the same duration (=m in seconds) and
sampling frequency (50 Hz) and therefore contained N (=50*m) points. To quantitatively
analyze the similarity between the two signals, we performed a correlation between them.
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The output of this operation is an array (C) twice as long as the input arrays, indexed from —
(N-1) to (N-1), whose values are computed as follows:

N
C(O):ZA(i)B(i)
i=1

N—n

C(n):ZA(i)B(Hn)
i=1

, the sum of the result of multiplying A and B point-wise. For n>0,

; this shifts the array B to the left n places, prior to multiplying A and B,

and summing the products where the arrays overlap. Similarly, the array A is shifted to the
N-n

C(—n):ZA(i+n)B(i)
left n places in i=1 .

The final step was to normalize the correlation wave C. The Cauchy-Schwarz inequality
states that the sum of the products of two equal-length series is always less than or equal to
the product of the root mean squares of the two series:

[x()y(@) < sqrt(x(@)2”y(1)2]

with equality holding if the series are linear scalars of each other or either series is equal to
zero (not applicable here). Therefore each point in the correlation C(n) was divided by the
product of the root mean squares of the subsets of the arrays A and B that were used to
calculate C(n). This procedure normalized the scale of all correlations to a scale of 0 to 1,
with 1 representing a perfect correlation (i.e. identity).

In order to determine the significance of each correlation, 100 “random” correlations were
calculated. To calculate the random correlations, the interspike intervals present in the cell
array were shuffled, 100 times, so that they were arranged in a random order. Since, the set
of interspike intervals used were the same as those that were present in the true discharge
record, this procedure produced a random, yet physiologically plausible, pattern of
discharge. The correlation between each random pattern and the blood pressure record was
calculated as described above. Then the average and standard deviation of these random
correlations were computed. If the true correlation differed from the mean random
correlation by more than three standard deviations, it was considered significantly different.

The respiratory and cardiovascular rhythms were converted to sawtooth functions by
connecting sequential peaks and troughs. This sawtooth provided phase information from
—-1t/2 to 1t/2. For each cell the timing of each spike was mapped onto these phase plots to
determine the phase at which each spike occurred. Finally, two histograms were calculated
to determine when in the respiratory or cardiac cycle a correlated cell fired preferentially.

All analyses were performed using Igor Pro 3.11 (WaveMetrics, Lake Oswego, OR). All
values are reported as means + SEM.

Cardiac, respiratory, and a very low frequency rhythm were derived from blood pressure

The discharge of all p5SHT cells studied was obtained simultaneously with blood pressure
(Figs. 1A-B, 2A) for a minimum of 15 minutes and an average of 32.9 + 2.5 minutes.
Although rats were acutely prepared for recording and held in a stereotaxic frame, they were
never intentionally stimulated during recordings. A fast fourier transform of the cell
discharge resulted in no peaks. However, a fast fourier transform of the blood pressure
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revealed peaks at mean frequencies of 5.5 + 0.1 Hz and 1.4 £ 0.05 Hz, corresponding to
cardiac and respiratory cycles, respectively (Fig. 1D). A very low frequency variation, with
a period in the scale of minutes, was also present (Figs. 1A, 2A).

To isolate each rhythm, the entire fast fourier transform was set to zero except for a region
surrounding the cardiac (mean: 5.2-5.7 Hz) or respiratory (mean: 1.2-1.6 Hz) peak or a
region below a mean cutoff frequency of 0.05 Hz. An inverse transform of each of these
modified transforms produced isolated cardiac (Fig. 1E, dashed line), respiratory (Fig. 1E,
black line), and slow (Figs. 1A and 2A, white lines) rhythms. For the respiratory rhythm,
inspiration occurred at the troughs and expiration at the peaks. The record of each cell’s
discharge, an array of time points, was then converted to a 50 samples/s array of zeroes (no
firing) and ones (spike) as described in detail in the Methods and illustrated in the inset in
Figure 1B. The results of cross correlations between cell discharge and each rhythm isolated
from the blood pressure record are reported below.

Serotonergic cells were identified by their slow and steady discharge

Neurons were classified as p5SHT (n=42) by use of a previously described algorithm (see
Methods and Mason, 1997). Of the 8 intracellularly labeled p5SHT cells, 6 contained
serotonin immunoreactivity. The two cells that did not contain serotonin immunoreactivity
were omitted from further analysis. For the remaining 40 p5SHT cells, background discharge
rates ranged from 0.4 to 4.8 Hz and averaged 1.7 + 0.1 Hz. The mean coefficient of variation
of the interspike interval (CV) was 0.39 £ 0.03 with a range of 0.19-0.93. Cells were located
in raphe magnus (n = 23) or the adjacent nucleus reticularis magnocellularis pars a (n = 15)
between the levels of the facial nucleus and the superior olivary complex. The locations of 2
cells were not recovered.

The discharge of most serotonergic cells (70%) correlated to slow changes in blood

pressure

Most pSHT cells (n=28), including 5 immunochemically confirmed serotonergic neurons,
discharged in correlation to slow changes in blood pressure (Figs. 1, 2). The mean period of
the slow correlations was more than 11 minutes (667 = 108 s). Of the 28 p5HT cells with
discharge related to low frequency variations in blood pressure, 16 were negatively
correlated (Fig. 1F) and 12 positively correlated (Fig. 2B). The value of the peak or trough
closest to zero (in time) averaged 0.17 + 0.01, suggesting that a correlation to slow blood
pressure changes accounts for about 17% of the variability in cell discharge. The mean
phase relationship was not different for cells that were negatively or positively correlated
(p=0.20) and averaged a 1° advance with a range from a 113° lag to a 154° advance.

To determine whether cross correlations were significant, the interspike intervals were
shuffled. An example of one such shuffling is illustrated in Figure 1C. Each of 100 shuffled
cell records was then correlated to the slow, respiratory and cardiac rhythms and the average
and standard deviation of the cross correlations to shuffled data calculated. Any cell — blood
pressure pair with a cross correlation that was more than 3 standard deviations away from
the mean shuffled correlation (the stippled region in Figs. 1F-H, 2 B, G) was considered to
be significantly correlated. Thus the cell shown in Figure 1 was inversely correlated to the
slow oscillations in blood pressure (Fig. 1F) and to the respiratory rhythm (Fig. 1G) but was
not correlated to the cardiac cycle (Fig. 1H).

The discharge of most serotonergic cells (83%) correlated to a respiratory rhythm in the
blood pressure

The spontaneous activity of 33 p5HT cells, including 5 immunochemically confirmed
serotonergic neurons, was significantly correlated with the respiratory rhythm isolated from
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the blood pressure record (Figs. 1, 2). Of the 33 p5HT cells with respiratory rhythm-related
discharge, 24 preferentially discharged during expiration (Fig. 2) and 9 during inspiration
(Fig. 1G). The value of the peak or trough closest to zero averaged 0.17 £ 0.01. The mean
phase relationship was a 1° lag but this was quite variable, ranging from a lag of 88° to an
advance of 95°.

The mean interspike interval was 791 + 81 ms was similar to the mean inter-breath interval
of 739 = 24 ms. However, the interspike interval was never equal to the inter-breath interval
during any recording, differing by an average of 354 + 63 ms. Thus, as seen in Fig. 2E-F, a
cell with a tendency to discharge during expiration did not fire during each respiratory cycle,
but when it fired it was most frequently during expiration and only rarely during inspiration.
Further, the cell’s tendency to discharge during expiration was not different during periods
of slower or faster discharge, related to the slow component of blood pressure (compare E to
F in Fig. 2).

Figure 3 illustrates the mean firing probabilities across the respiratory cycle for cells that
were preferentially active during expiration, preferentially active during inspiration and for
cells whose discharge was not significantly related to breathing. For expiration-active cells,
the probability of firing in any 3.6° of the respiratory cycle was 1.44 + 0.22 times greater
during expiration than during inspiration. For inspiration-active cells, the probability of
firing was 1.11 £ 0.00 times greater during inspiration than during expiration, a value that
was not significantly different from that for expiration-active cells (t-test, p=0.15).

The discharge of a minority of serotonergic cells (22%) correlated with the cardiac cycle

The spontaneous activity of 9 p5SHT cells, including 3 immunochemically confirmed
serotonergic neurons, was significantly correlated with the cardiac cycle. Most cells with
cardiac-related discharge (n=5) preferentially discharged during diastole while 3 discharged
preferentially during systole. The cross correlation peak for one cell with cardiac-related
discharge was exactly midway between diastole and systole. Cells never fired during each
cycle. The mean phase relationship was an advance of 2° but varied from a lag of 90° to an
advance of 72°.

The relationship between cardiac cycle and cell discharge was noticeably weaker than that
between respiratory cycle and cell discharge and, unlike the correlation between the other
two rhythms and cell discharge, was not apparent to the naked eye in a phase plot such as
that shown in Figure 2C. Corresponding to this, the ratio of firing during the preferred phase
to firing during the non-preferred phase was 1.03 + 0.02 for diastole-active cells and 0.99 +
0.02 for systole-active cells. In sum, few cells discharged in relation to cardiac cycle and
those that did, did so weakly.

The discharge of most cells correlated to multiple rhythms derived from blood pressure

Almost all cells studied (38/40) discharged in relation to the slow rhythm or the respiratory
rhythm with most cells’ discharge (23/40, 58%) correlated to both respiratory and slow
rhythms. For cells whose discharge correlated to both respiratory and slow rhythms, almost
half (10/23) were correlated to both rhythms when blood pressure was either high (direct
correlation to the slow rhythm and correlation to expiration) or low (indirect correlation to
the slow rhythm and correlation to inspiration). The remainder (13/23) correlated to the two
rhythms in opposing directions with respect to blood pressure. The discharge of 10 cells
correlated to respiration but not to the slow pressure component while that of 5 cells
correlated to the slow component but not to respiration. All cells with cardiac-related
discharge also exhibited respiratory-related discharge with a preference for firing during
expiration (9/9).
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DISCUSSION

The present results demonstrate that very slow (period of >10 mins) and respiratory-related
changes in blood pressure each predict about 17% of the variability in the discharge of most
serotonergic RM cells. Blood pressure- and respiratory-related discharge may inform
serotonergic RM cells of homeostatic adjustments generated by the central nervous system.
Such an input would allow RM cells to evaluate new threats to safety and homeostasis in
light of on-going activities to maintain the same.

Very low frequency variations in blood pressure do not have a known function

Very slow variations in blood pressure, similar to those observed here, have previously been
described in the anesthetized rat (Leung and Mason 1996) and the awake dog (Persson et al.
1990). In awake cat, variations with periods of 10-13 min are present and are enhanced by
baroreceptor denervation (Di Rienzo et al. 1991), suggesting that the baroreceptor reflex
typically dampens these very low frequency changes in blood pressure. Since the
baroreceptor reflex is depressed during anesthesia (Duke et al. 1977), slow changes in blood
pressure may be most apparent in this preparation. This is in contrast to Mayer waves which
are most prominent in awake animals and have a frequency of about 0.4 Hz in the rat, much
faster than the slower frequency variations observed in this study (Julien 2006).

As mentioned above, no known cardiovascular circuit or mechanism mediates blood
pressure changes over the time scale of minutes (see more below). Instead slow changes in
blood pressure likely arise from the brain as a by-product of either a homeostatic action or
somatomotor activity (Cowley 1992; Osborn et al. 2005). As an example of the former,
activation of a central autonomic nucleus that elicits cutaneous vasoconstriction would
incidentally alter blood pressure (at least in the anesthetized animal). It is also possible that
the increase in firing rate observed in medullary serotonergic cells during somatomotor
activity (Veasey et al. 1995) is actually secondary to the correlation between these cells’ and
cardiorespiratory activities. Indeed, blood pressure changes occur across the sleep/wake
cycle and different thermoregulatory states, during eating or exercise, in situations of painful
attack or sexual activity, and in a myriad of other situations. Combinations of additional
physiological parameters with these slow changes in blood pressure may then map out
nuanced differences in the integrative state of the animal, splitting the broad categories of
waking, sleeping, and anesthetized into the innumerable and varied conditions of
mammalian life.

Cells identified as serotonergic in this study likely contain serotonin

All p5SHT cells were characterized using a previously described algorithm developed from
an analysis of physiologically characterized, intracellularly labeled, and
immunocytochemically tested cells (Mason 1997). Of 46 cells that have been
physiologically characterized as p5SHT and tested for serotonin content since the original
derivation of the classification algorithm, 43 have contained serotonin immunoreactivity
(Mason 2001). Furthermore, the background discharge pattern, response to noxious
stimulation and nuclear location of immunochemically-untested pSHT cells are similar to
those of immunochemically-confirmed serotonergic cells in this and previous studies. It is
therefore likely that all or nearly all of the RM neurons studied contained serotonin. Recent
findings show that some serotonergic neurons are not tonically active when recorded /n vitro
(Zhang et al. 2006). If similar results obtain /n vivo, then it should be recognized that our
search strategy would preclude us from recording from such cells.
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Discharge correlations to slow and respiratory variations in blood pressure are distinct

phenomena

Serotonergic cell discharge was related to extremely slow variations in blood pressure as
well as to the respiratory cycle revealed within the blood pressure record. One possibility is
that a common mechanism underlies both correlations. However, 14 cells discharged in
relation to only one of these two rhythms. Further, for the 24 cells that discharged in
relationship to both rhythms, there was no consistent relationship between the sign of the
two correlations. Thus, the correlations between serotonergic RM cell firing and the
respiratory and slow rhythms appear distinct phenomenologically.

Baroreceptors are not the input source for the serotonergic cell correlations to slow and
respiratory rhythms

Blood pressure-related information could reach serotonergic cells from peripheral
baroreceptors via the nucleus of the tractus solitarius (NTS). Although NTS neurons do not
project directly to RM, they do project to the ventrolateral medulla (VLM), the parabrachial
nuclei, the hypothalamus, amygdala and the midbrain periaqueductal gray (PAG), all of
which in turn project to RM (Berk and Finkelstein 1982; Gang et al. 1990; Holstege 1988,
1987; Vertes and Crane 1996; Vertes and Kocsis 1994; Zagon 1993). Nonetheless it is
unlikely that beat-to-beat baroreceptor input plays a major role in the correlation of
serotonergic neurons’ discharge with the slow or respiratory changes in blood pressure
because: 1) most serotonergic neurons do not discharge in correlation with the cardiac cycle
or do so very weakly (this study); 2) most serotonergic cells that discharge in relation to
either the slow or respiratory rhythms do not discharge in relation to cardiac cycle (this
study), a defining feature for central neurons that receive baroreceptor input; and 3)
baroreceptive input to serotonergic cells is uncommon and weak when present (Gao and
Mason 2001a). In conclusion, peripheral baroreceptor input may underlie the weak
connection between serotonergic RM cell firing and cardiac cycle seen in a minority of cells
but not the more robust correlations between cell discharge and either the slow rhythm or
respiration.

A caveat worth mentioning here is that central neurons, perhaps in the NTS, could low-pass
filter incoming baroreceptive input. If such neurons existed, they could provide the input
needed for the correlation of serotonergic neurons’ discharge with the slow or respiratory
changes in blood pressure. While this is a possibility, no neurons with the appropriate
physiological characteristics have been observed.

Discharge in relation to slow variations in blood pressure likely reflects input from a
central source

Baroreceptors, the only known afferents sensitive to blood pressure, operate on a short time
scale and elicit corrective reflexes at latencies well under a second. At the other extreme of
the time scale, the kidneys regulate blood pressure across the life span (Cowley 1992). For
blood pressure changes over intermediate time scales, such as those termed slow in this
paper, no cardiovascular afferent, circuit, or mechanism has been identified. Instead, as
mentioned above, such changes are likely to be baroreceptor-independent and generated as
by-products of efferent commands from central homeostatic control regions (Cowley 1992;
Osborn et al. 2005). For example, vasomotion at thermoneutral temperatures cycles between
vasoconstriction and vasodilation with a period of many minutes in the awake rat
(Romanovsky et al. 2002). If blood pressure changes accompany such a redistribution of
blood volume, then efference copy related to vasomotion could be the critical input for the
oscillations in serotonergic cell discharge observed here.
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Which central regions are candidate sources of input carrying a slow rhythmic signal to
serotonergic cells? The list is familiar as the same structures that play critical roles in
maintaining homeostasis also receive baroreceptive input from NTS and project to RM (see
above) — the parabrachial nuclei, hypothalamus, amygdala, PAG and VLM. Thus the
correlation to slow blood pressure changes likely reflects an efference copy (aka corollary
discharge) input from the amygdala, hypothalamus, PAG, parabrachial nuclei, or VLM to
serotonergic RM neurons.

The source of respiratory-related inputs to serotonergic cells is unclear

Most of the serotonergic RM cells examined had respiratory-related discharge. The
respiratory-related discharge in serotonergic RM cells was striking in its prevalence and
magnitude. As with baroreceptors, pulmonary stretch receptors project to the NTS from
where they are distributed to the ventral and dorsal respiratory groups, PAG, parabrachial
nuclei and hypothalamus. Regions that receive NTS input also participate in the central
control of respiration and they all project to RM. The serotonergic cell correlation with
respiratory rhythm may stem from either afferent information or efference copy; no data
exist to distinguish between these two possibilities.

There is one oddity about the respiratory-related rhythm that is worth noting. The axons of
serotonergic RM cells are unmyelinated and project variable distances throughout the spinal
cord (Basbaum et al. 1988; Skagerberg and Bjorklund 1985). This means that phase
information associated with particular spikes will be jumbled upon reaching the collective
sites postsynaptic to serotonergic RM cells. The clear implication of this is that the phase
association of serotonergic cell discharge is simply a by-product of the afferent limb but
does not evoke phase-locked effects.

Serotonergic RM cells may modulate blood pressure control circuitry

The slow discharge rate of serotonergic cells and the slow pace of the cardiovascular system
preclude a definitive identification of RM as the cause of changes in blood pressure but a
strong possibility is that serotonergic RM cells modulate sympathetic, including
cardiovascular, output. In support of this idea, activation of RM neurons evokes
sympathoexcitatory changes in blood pressure, heart rate, and thermoregulation (Cao and
Morrison 2003; Gilbey et al. 1981; Haselton et al. 1988b; Nason and Mason 2004). Some
serotonergic RM cells project directly to preganglionic sympathetic neurons in the
intermediolateral cell column and may influence sympathetic tone via this connection
(Bacon et al. 1990; Haselton et al. 1988a). Within the thoracic spinal cord, serotonin
depolarizes preganglionic sympathetic neurons (Coote et al. 1981; Kadzielawa 1983; Lewis
and Coote 1990) whereas serotonin receptor antagonists block the pressor response evoked
by medullary raphe stimulation (McCall 1984). A serotonin receptor agonist that
presumably inhibits serotonergic cells blocks leptin-induced activation of brown adipose
tissue, suggesting that serotonergic RM cells mediate food-induced thermogenesis, a process
that is accompanied by elevations in blood pressure (Morrison 2004).

RM serotonergic cells also project to the ventrolateral medulla (Gao and Mason 2001b,
1997), a region where serotonin is tonically released (Gao et al. 1991) and where
microinjection of serotonin or serotonin receptor agonists elicits a decrease in cardiovascular
tone along with cutaneous vasodilation (Key and Wigfield 1994; Lovick 1989; Mandal et al.
1990). These results suggest that serotonergic RM cells could influence cardiovascular tone
or thermoregulation through both a direct excitation of preganglionic sympathetic neurons
and an indirect inhibitory effect mediated by inhibition of sympathoexcitatory cells in the
ventrolateral medulla (Lewis and Coote 1993; Wang and Lovick 1992a, 1992b). It may be
that serotonergic neurons that discharge in direct correlation with blood pressure

J Neurophysiol. Author manuscript; available in PMC 2013 September 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mason et al.

Page 10

preferentially target the thoracic intermediolateral cell column while serotonergic neurons
that discharge in indirect correlation with blood pressure target sympathoexcitatory neurons
in VLM. Alternatively, RM cells with discharge that is either directly or indirectly related to
slow changes in systemic blood pressure may target the same postsynaptic cells and function
antagonistically.

Serotonergic RM cells may modulate respiratory control circuitry

Electrical stimulation of or glutamate microinjection into RM in the anesthetized rat
decreases respiratory rate, even causing apnea in some cases, evidence for RM’s
participation in respiratory modulation (Cao et al. 2006a; Verner et al. 2004). While the
findings that hypercapnia and, to a lesser degree, hypoxia evoke ¢-fosimmunoreactivity in
RM cells (Erickson and Millhorn, 1994; Teppema et al. 1997) are interpretable in many
ways, RM appears to play a direct role in sensing hypercapnia. Dialyzing artificial
cerebrospinal fluid with elevated [CO5] into the medullary raphe of awake rats evokes
tachypnea, evidence that this region is chemosensitive (Nattie and Li 2001).

Since only about 20% of RM cells contain serotonin, evidence beyond that stated above is
needed to implicate a role for serotonergic RM cells, specifically, in respiratory modulation.
Serotonergic neurons from the medullary raphe studied /in7 vitro are chemosensitive (Wang et
al. 1998) and presumed inhibition of serotonergic neurons by microinjection of 8-OH-DPAT
into RM attenuated the ventilatory reflex evoked by hypercapnia (Taylor et al. 2005). While
these studies suggest that serotonergic medullary raphe cells sense hypercapnia, this
conclusion has recently been challenged by a demonstration that none of 37 serotonergic
cells studied /n vivo were excited by elevated [CO,] (Mulkey et al. 2004), in contrast to the
more than 20% of serotonergic cells that respond /n vitro (Wang et al. 1998). Anatomical
studies make clear that serotonergic cells in the medullary raphe project to the phrenic motor
nucleus and that motor neurons there receive serotonergic afferents (Cao et al. 2006b;
Holtman et al. 1984, 1990; Pilowsky et al. 1990). As is true for preganglionic sympathetic
motor neurons and other somatic motor neurons, phrenic motor neurons are excited by
serotonin application (Schmid et al. 1990). Finally, 8-OH-DPAT, a serotonergic receptor
agonist that is thought to decrease serotonergic cell firing, increases respiratory rate when
applied to the medullary ventrum (Holtman and King 1994; King and Holtman 1990).

Serotonergic RM cell activity are heterogeneous and may act either in concert, in parallel
or in opposition

The serotonergic neurons studied here differed in the relationship of their discharge to slow,
respiratory and cardiac cycles. This heterogeneity adds to previously reported differences in
physiology and co-transmitter content within the serotonergic RM cell population of the rat
(Gao and Mason 2001a, 2001b, 2000; Kachidian et al. 1991; Zhang et al. 2006). Different
types of serotonergic cells may act in concert as, for example would occur if cells with
opposing relations to blood pressure differentially facilitate preganglionic sympathetic
neurons and suppress sympathoexcitatory cells in the brainstem (see above). Alternatively,
subpopulations of serotonergic cells may share postsynaptic targets upon which they act
antagonistically. Finally, different serotonergic cell subsets may act on entirely separate
systems without any interaction. Unfortunately, the answer to this puzzle remains unclear.

Information about on-going homeostatic activities allows serotonergic RM cells to judge
whether or not to interrupt these activities to respond to a new challenge

Serotonergic RM neurons project promiscuously within the spinal cord to contact cells with
sensory, motor and autonomic functions and thereby modulate a plethora of spinal processes
including cardiovascular, themoregulatory, respiratory, and nociceptive ones. Consistent
with serotonergic RM cells’ having multi-system effects, microinjection of 8-OH-DPAT
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into RM, which presumably decreases serotonergic RM cell firing, lowers body temperature,
increases arousal, and depresses the hypercapnic ventilatory response (Taylor et al. 2005).
The present results, showing that the discharge of most serotonergic RM cells correlates
with a slow-frequency component in blood pressure, is then evidence that serotonergic cell
modulation is itself modulated by the particular state of the animal. Since all behaviors
require a sensory, autonomic and motor platform that is capable of supporting them, a
coordinated regulation of spinal processes is critical.

Like their non-serotonergic neighbors, at least some serotonergic RM neurons respond to
challenges to safety such as unexpected and alerting external stimuli (Auerbach et al. 1985;
Gao and Mason 2000; Leung and Mason 1999). The present results, while correlative,
provide clear evidence that serotonergic RM cells also receive information about slow
changes in blood pressure and respiration that we have argued here serve as proxies for on-
going homeostatic activities. By receiving input related to existing as well as new and
unexpected challenges to homeostasis, serotonergic RM cells are in an excellent position to
determine whether to continue the current homeostatic activity or to respond to a novel
challenge. Suggesting that serotonergic RM cell activity is needed for a full reaction to a
novel challenge, 8-OH-DPAT microinjection into RM attenuates the tachycardia and pressor
responses elicited by noxious stimulation, 5 minutes of “air-jet stress,” or lipopolysaccharide
administration in the rabbit (Nalivaiko et al. 2005). Thus, serotonergic RM cells may be able
to evaluate whether new challenges to homeostasis merit interruption of existing
homeostatic functions and then coordinate the modulation of spinal sensory transmission,
autonomic control and motor function in accordance with the verdict.
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Figure 1.

The analysis procedure is illustrated. A-B: Blood pressure (A) and cell activity (B) were
simultaneously recorded. The slow frequency-component of the blood pressure is shown by
the white line in A. The cellular transform is illustrated in the inset in B for a short record
(20 s) of activity (dashed box in B). Each spike was assigned to the nearest 20 ms bin as
illustrated by the vertical lines. Superimposed on the transformed cell data is the
instantaneous frequency (the reciprocal of the interspike interval) at every spike time (filled
circles). C: All interspike intervals were shuffled 100 times; one such shuffled record is
illustrated. The inset shows the cellular transform for this shuffled record with the same
conventions as in B. D-E: A fast fourier transform of arterial blood pressure produced a
spectrum with peaks at frequencies corresponding to respiratory and cardiac cycles. Inverse
transforms of selected frequency ranges isolated rhythms corresponding to respiratory (solid
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black line in E) and cardiac (dashed line in E) activity as well as a very slow component
(white line in A). The grey line in E is the raw blood pressure trace. F—H: Cross-correlations
between the cell activity and each blood pressure component revealed a significant inverse
correlation with the slow rhythm (F) and the respiratory rhythm (G) but no correlation to the
cardiac rhythm (H). For respiration, upward corresponds to expiration and downward to
inspiration. The grey stippled region marks 3 standard deviations on other side of the
average correlation between shuffled cell records (n=100) and each blood pressure rhythm.
The time scale in A applies to A—C. The duration of the records in E is 2 s. The ordinate
scale in F applies to F and G.
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Figure 2.

An example of a cell with a significant correlation to the respiratory cycle. A: Blood
pressure (top trace) and cell activity (bottom trace) were simultaneously recorded. The slow
frequency-component of the blood pressure is shown by the white line. B: There was a
significant correlation between this cell’s activity and the slow frequency-component of
blood pressure. The same convention as in Figure 1. C: The arcsin of the respiratory rhythm
(grey) maps phase from —m/2 (inspiration) to rt/2 (expiration). The phase at which each
action potential occurred is illustrated by the black dots. D: A histogram of the phase at
which the cell discharged shows that the cell typically discharged during expiration. The 20-
s periods framed by the dashed boxes marked E and F are blown up in panels E and F. E-F:
This cell fired preferentially during expiration regardless of whether the cell was firing more
(E) or less (F) than average. G: B: There was a significant correlation between this cell’s
activity and the respiratory component of blood pressure.
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Figure 3.

Histograms of cell discharge probability across the respiratory cycle are shown for cells that
preferentially discharged during expiration (expiration-active, top), for those that
preferentially discharged during inspiration (inspiration-active, middle), and for those whose
discharge was unrelated to breathing (unrelated, bottom). Individual histograms were
aligned either to the inspiratory onset (left column; ordinate scale shown at top left) or to the
peak in discharge probability (right column; ordinate scale shown at top right). For the latter,
the peak in discharge probability was placed at 270° for expiration-active cells (top), at 90°
for inspiration-active cells (middle), and at 180° for cells without any relation to respiratory
cycle (bottom). In each panel the average histogram is shown by the solid black line. One
standard error on either side of the average is shown in the stippled gray. The respiratory
cycle was divided into 100 bins so that each bin covers 3.6° and an average probability of
firing in each bin of 1.0%; the latter is marked by a dashed line in each graph. The phase
assignments are illustrated by the sin waves at the bottom.
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