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a b s t r a c t

Neurons located in the dorsomedial pontine rapid eye movement (REM) sleep-triggering region send
axons to the medial medullary reticular formation (mMRF). This pathway is believed to be important for
the generation of REM sleep motor atonia, but other than that they are glutamatergic little is known about
neurochemical signatures of these pontine neurons important for REM sleep. We used single-cell reverse
transcription and polymerase chain reaction (RT-PCR) to determine whether dorsomedial pontine cells
with projections to the mMRF express mRNA for selected membrane receptors that mediate modula-
tory influences on REM sleep. Fluorescein (FITC)-labeled latex microspheres were microinjected into the
mMRF of 26–34-day-old rats under pentobarbital anesthesia. After 5–6 days, rats were sacrificed, pontine
slices were obtained and neurons were dissociated from 400 to 600 �m micropunches extracted from
dorsomedial pontine reticular formation. We found that 32 out of 51 FITC-labeled cells tested (63 ± 7%
(SE)) contained the orexin type 1 receptor (ORX1r) mRNA, 27 out of 73 (37 ± 6%) contained the adrenergic
�2A receptor (�2Ar) RNA, and 6 out of 31 (19 ± 7%) contained both mRNAs. The percentage of cells positive
for the ORX1r mRNA was significantly lower (p < 0.04) for the dorsomedial pontine cells that were not

retrogradely labeled from the mMRF (32 ± 11%), whereas �2Ar mRNA was present in a similar percentage
of FITC-labeled and unlabeled neurons. Our data suggest that ORX and adrenergic pathways converge on
a subpopulation of cells of the pontine REM sleep-triggering region that have descending projections to
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apid eye movement (REM) sleep is a stage of sleep characterized
y a combination of cortical and hippocampal activation, rapid eye
ovements, atonia of postural muscles with superimposed muscle

witches, and highly variable respiratory rate, heart rate and blood
ressure. Many neurotransmitter receptor agonists and antagonist,

ncluding a cholinergic agonist, carbachol [1,4,7,11], GABAA receptor
ntagonist, bicuculline [3,21,24,26,38] and the peptide orexin (ORX)
14,37], can effectively trigger REM sleep-like state when injected
nto the dorsomedial pontine reticular formation. Other agonists
ave suppressant effects on REM sleep when injected into the same
ontine region, e.g., agonists of �2 adrenergic and type 1A and 2
erotonergic receptors [2,11,23,28,30]; reviewed in Ref. [16]. Some
ells in the dorsomedial pontine reticular formation are immunore-

ctive for type 1 and/or type 2 ORX receptors [5,8,20] and are excited
y ORX in vitro [6], and some cells express �2A adrenergic recep-
ors [29]. Importantly, it appears that stimulation of dorsomedial
ontine type 2 ORX receptors promotes REM sleep and its atonia
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[14,37], whereas stimulation of either type 1 ORX receptors or �2
adrenergic receptors suppresses REM sleep [2,22,30,35]. Therefore,
we investigated the expression and co-expression of type 1 ORX and
�2A adrenergic receptor mRNAs in dorsomedial pontine cells that
have axonal projections to the medial medullary reticular forma-
tion (mMRF), a region also important for the control of REM sleep
and its motor atonia.

Among the efferent projection sites from the dorsomedial pon-
tine REM sleep-triggering region [3,25,27], the mMRF received
particular attention as potentially important for the generation of
REM sleep and/or its motor atonia [15,18,28,31,36]. This very robust
pathway is likely to be glutamatergic [17,19] and targets the medial
magnocellular, ventral gigantocellular and medullary raphe nuclei
[9,10,13,17,25,27]. Lesions of the mMRF region abolish or attenu-
ate REM sleep and its atonia [12,31]. Since the atonia-controlling
pathways can be modulated by both ORX and �2 adrenergic recep-
tors [2,14,22,30,35,37], it is of interest to determine whether these
effects can be exerted on those cells within the dorsomedial pon-

tine REM sleep-triggering region that have axonal projections to
the mMRF. Here, we used single-cell reverse transcription and poly-
merase chain reaction (RT-PCR) to determine whether cells of the
pontine REM sleep-triggering region that have axonal projections to
the mMRF express mRNA for adrenergic �2A receptor (�2Ar) and/or
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Fig. 1. FITC-labeled bead injection sites in the medial medullary reticular formation (A–C) and a typical location of a 600 �m micropunch of tissue taken from a pontine
slice from a rat injected 5–6 days earlier with FITC-labeled beads (D). (A and B) Location of FITC deposit at two antero-posterior (AP) levels in one rat. (C) Injection sites as
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hose shown in (A and B) from all animals superimposed on one standard cross-se
rom AP-11.3 to AP-12.8 from bregma. Abbreviations: DPGi, dorsal paragigantocel
igantocellular region, pars ventralis; Me5, mesencephalic trigeminal nucleus; scp,

ype 1 ORX receptor (ORX1r). A preliminary report has been pub-
ished [34].

Fifteen Sprague–Dawley rats were housed under a 12 h/12 h
ight–dark cycle with food and water available ad libitum. All surgi-
al and animal handling procedures followed the guidelines of the
ational Institutes of Health and were approved by the Institutional
nimal Care and Use Committee of the University of Pennsylvania.

Fluorescein (FITC)-labeled latex microspheres (LumaFluor, USA)
100–450 nl; mean volume 248 ± 40 (SE)) were microinjected into
he mMRF of 26–34-day-old pentobarbital-anesthetized rats. After
–6 days, rats were sacrificed under deep isoflurane anesthesia (4%),
nd 1–2 coronal, 400 �m slices were cut from the level of the caudal
nferior colliculus. The medulla was also extracted, fixed in forma-
in, and then sectioned and mounted to visualize the FITC-labeled

icrospheres injection site (Fig. 1A–C). Cells from the pontine retic-
lar formation were dissociated as described previously [32,33].
riefly, following enzymatic digestion with papain, micropunches
400–600 �m in diameter) were cut from the dorsomedial pon-
ine reticular formation. The pontine slices from which the punches
ere extracted were fixed in formalin, cut into 20 �m sections and
ounted to verify the punch locations (Fig. 1D).
Cells contained in the micropunch were mechanically dispersed,

lated, and those with FITC-labeled beads were identified using an
nverted phase contrast microscope equipped with fluorescent light
ource and FITC filters (IMT-2, Olympus, Japan) (Fig. 2A). Individ-
al cells, labeled and unlabeled, were collected, their intracellular
ontents treated with DNAse and then subjected to reverse tran-
cription, as described previously [32]. Aliquots of the resulting
DNA (each corresponding to ∼1/3 of the total volume from each
ell) were used in a two-stage, semi-nested PCR (Fig. 2B–D). The
rst round of amplification (35–37 cycles) was performed using a
onventional thermal cycler (PCR Sprint; Thermo Hybaid, UK) and
he second round with a real-time cycler (LightCycler; Roche Diag-
ostics, USA). Primers were designed using Vector NTI software
Invitrogen, USA). The criteria for primer specificity, reaction quality
ontrol and the strategy to optimize PCR conditions were described
reviously [32]. The primers used in this study included those
or the ORX1r (accession: NM 013064) and the adrenergic �2Ar

accession: M62372). The sequences of the ORX1r primers were: 5′-
TGTCGGTGTCAGTGGCAGT-3′ (sense, first and second PCR rounds),
′-TGAGGGTCGCTTCCAGTTCC-3′ (antisense, first PCR round), and
′-GAAGAGCCGTGTGCGATTGG-3′ (internal antisense, second PCR
ound). The primer sets used for the �2Ar have been published
located in the middle of the rostro-caudal span of the injected area that extended
egion; DTgP, dorsal tegmental region, pericentral; Gi, gigantocellular region; GiV,
ior cerebellar peduncle.

previously [32]. The position and size of the melting curve peaks
obtained in the second PCR round provided an initial assessment
as to whether the expected cDNA was generated (Fig. 2C). Selected
PCR products were then separated on ethidium bromide-stained
2% agarose gels to further verify that they were of the expected size
(Fig. 2D). To control for false positive results, 8 non-reverse tran-
scribed single-cell samples from two rats were amplified with all
primers. To control for mRNA contamination of the medium, one
sample of the fluid from above the plated cells was collected at the
end of each cell collection session and subjected to the RT-PCR pro-
cedures identical to those with single-cell samples. None of those
control reactions was positive.

The standard errors (SE) for estimation of the proportions of
cells positive for distinct mRNAs were determined based on the
size of each cell population and the corresponding statistical tests
used the assumption of a random bimodal distribution (Analyse-It
Software, Leeds, UK). Statistical comparisons of the percentages of
cells expressing different mRNAs were conducted using Fisher exact
test (Analyse-It Software). Differences were regarded significant at
p < 0.05.

Ninety-seven FITC-labeled cells were collected from 15 rats, and
an additional 32 unlabeled cells were collected from a subset of
9 rats from the same group of 15 animals (7 ± 0.9 (SE) and 4 ± 0.9
cells per animal, respectively). Following histological verification,
5 single-cell samples from 2 rats (4 FITC-labeled and 1 unlabeled)
were excluded due to improper location of the punch. From the
remaining 93 FITC-labeled and 31 unlabeled cells, 31 labeled and 2
unlabeled cells were tested for the presence of both the ORX1r and
�2Ar mRNAs. cDNA samples from the remaining 62 labeled cells
were tested for the presence of one mRNA species only, 20 for the
ORX1r mRNA and 42 for the �2Ar mRNA. Similarly, for the remaining
31 unlabeled cell samples, 17 were tested for the ORX1r mRNA only
and 12 for the �2Ar mRNA only. The remaining cDNA from these
single-cell samples (∼2/3 of the total volume) was used for testing
and optimizing various primer sets.

Within the FITC-labeled population, 32 out of 51 cells tested
(63 ± 7%) contained the ORX1r mRNA, 27 out of 73 (37 ± 6%) con-
tained �2Ar mRNA (Fig. 3), and 6 out of 31 tested (19 ± 7%) contained

both mRNAs. The proportion of cells positive for the ORX1r mRNA
was significantly lower (p < 0.04) among the dorsomedial pontine
cells that were not retrogradely labeled from the mMRF (6 out of
19, or 32 ± 11%). The proportion of FITC-labeled cells positive for
the adrenergic �2Ar mRNA did not differ significantly from that for
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Fig. 2. Example of a dissociated and plated dorsomedial pontine cell that was retrogradely labeled from the medial medullary reticular formation (A–C), and results of the
second round of real-time cDNA amplification with the material from a set of pontine cells (D–F): (A) a dissociated cell, as seen under phase contrast illumination; (B) the
same cell seen under fluorescent illumination contains FITC-labeled beads transported from the medial medullary reticular formation; (C) the same cell with a polished glass
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ipette placed in position for cell collection; (D) real-time PCR curves for a set of fiv
n this set were positive for ORX1r cDNA; (E) melting curves for the cDNA products
eactions shown in (D).

he unlabeled cells (37 ± 6% vs. 43 ± 14%; Fig. 3). None of the two
nlabeled cells tested expressed both mRNAs.

Since it has been reported that large GABAergic pontine reticular
eurons (cross-sectional area >450 �m2, approximately equivalent
o mean diameter >24 �m) have higher immunostaining density
or type 2 ORX receptor than smaller neurons [5], we also inves-
igated the relationship between the presence of ORX1r or �2Ar
RNA and cell size. During the collection procedure, cells were
lassified into three groups: small (<20 �m in diameter), medium
20–30 �m), or large (>30 �m). We found a trend for ORX1r mRNA
o be more frequently present in small- and medium-size than large

ig. 3. Percentages of dorsomedial pontine reticular cells that contained the orexin
ype 1 receptor (ORX1r) or adrenergic �2A receptor (�2AAr) mRNA; dorsomedial
ontine cells not retrogradely labeled from the medial medullary reticular formation
unlabeled) were less likely to contain ORX1r mRNA than those that had descending
rojections to the medial medulla (FITC-labeled).
tine cells and one control sample containing culture medium only; two of the cells
the reactions shown in (D); (F) gel display of selected PCR products obtained in the

cells (75 ± 13% and 68 ± 10% vs. 43 ± 14%). The �2Ar mRNA tended
to be more often present in medium-size (46 ± 9%) than in either
small (33 ± 14%) or large (27 ± 9%) cells.

Our data show that many dorsomedial pontine neurons with
axonal projections to the medial medullary reticular formation con-
tain mRNA for the excitatory ORX1r or the inhibitory adrenergic
�2Ar, and that both these mRNAs are present in about 20% of such
neurons. The dorsomedial pontine neurons with descending pro-
jections to the medial medulla were more likely to express the
ORX1r mRNA than those that were not retrogradely labeled and
tended to be of a small or medium size. Thus, ORX1r may be a useful,
albeit not fully reliable when used alone, marker in future neuro-
chemical studies of subpopulations of dorsomedial pontine cells
involved in the generation of REM sleep.

Data show that microinjections of ORX can trigger REM sleep
atonia when it is injected into the dorsomedial pontine reticu-
lar formation [14,37], whereas clonidine injected in this region
suppresses REM sleep [30]. Together with these results, our data
suggest that these two opposing effects may postsynaptically con-
verge on those cells of the pontine REM sleep-triggering region that
have descending projections to the medial medullary reticular for-
mation. Consistent with this interpretation, cells immunoreactive
for both the ORX1r and �2Ar proteins are present in the dorsomedial
pontine tegmentum [8,20,29], and ORX excites those dorsomedial
pontine neurons that are also excited by carbachol [6], a choliner-
gic agonist widely used to trigger REM sleep-like state [16]. Recent
data also show that microinjections of ORX in this region can sup-
press REM sleep and increase wakefulness [22,35]. This effect of

ORX may be mediated, at least in part, by its action on a different
population of dorsomedial pontine cells than those investigated in
our study. Such cells may be GABAergic, rather than glutamatergic,
and express type 2, rather than type 1, ORX receptors [5]. ORX, by
acting on such cells may increases GABA levels in this region [35].
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Our finding that dorsomedial pontine neurons with axonal pro-
ections to the medial medulla contain the ORX1r and �2Ar mRNAs

ay also indicate that these receptors function as presynaptic
eceptors on the medullary and other axon terminals of these dor-
omedial pontine neurons. Additional studies at the level of the
orresponding receptor proteins are needed to further explore this
uestion.
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