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Fig. 1. Localizacion de las estructuras estudiadas en el presente
‘. trabajo. Los nicleos reticular oral pontino (PnO) y caudal

pontino (PnC) se encuentran a lo largo de la porcién central
de la FRP. Tomado del atlas de Paxincs y Watson (10).
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Neurochemical Research, Vol. 16, No. 8, 1991, pp. 837-841

Release of Acetylcholine and GABA, and Activity of Their
Synthesizing Enzymes in the Rat Pontine Reticular

Formation

Ignacio Camacho-Arroyo!, Raiil Alvarade?, and Ricardo Tapia'*®

(Accepted February 26, 1991)

The aim of this study was to obtain neurochemical information on the possible role of acetylcholine
(ACh) and y-aminobutyric acid (GABA) as neurotransmitters in the pontine reticular formation
(PRF). We studied the uptake of labeled choline and GABA, as well as the release of this amino
acid and of ACh, in PRF slices of the rat, In addition, choline acetyliransferase, acetylcholinesterase
and glutamate decarboxylase activities were assayed in PRF homogenates. The uptake of GABA
was strictly Na+-dependent, whereas choline uptake was only partially Na+-dependent. The release
of both ACh and GABA was stimulaled by K<-depolarization, but only the former was Ca?-
dependent. Choline acetyltransferase activity in the PRF was 74% of that in the striatum, whereas
acetylcholinesterase activity was considerably lower. Glulamate decarboxylase activity in the PRF
was about half that observed in the striatum, These findings support the possibility thal both ACh

and GABA may act as neurotransmitters in the rat PRF.

KEY WORDS: Pontinc reticular formation; y

tamate decarboxylase

INTRCDUCTION

Several studies indicate that the pontine reticular
formation (PRF) plays an important role in a variety of
physiological processes, including rapid eye movement
(REM) sleep (1-3), vestibular and optokinetic head and
cycs nystagmus (4,5), orienting eye and hcad move-
ments (6,7) and motor activity (8,9).

The PRF establishes reciprocal connections with the
zona incerta, the fields of Forel, the superior colliculus,
the central gray substance, the mesencephalic, pontine

! Departamento de Newrocicncias, Instituto de Fisiologis Celular, Uni.
versidad Nacional Auténoma de México, Apartado Postal 70-60C,
04510-M¢éxico, D. F., Mexico.

? Unidad de Investigaciones Cerebrales, Instituto Nacional de Neurol-
ogfa y Neurocirugia, S. 5. A.

3 Ty whom 1o address reprint requests: Ricardo Tapia, Instituto de
Fisiologiz Celular, Universidad Nacional Auténoma de México,
Apartade Postal 76-600, 04510-México D. F., México, Tel (525)
550-5215 x 4935, Fax (525) 548-0387.
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and bulbar reticular formation and the spinal cord
(10,11,12). The PRF also receives projections from the
laterodorsal and pedunculopontine tegmental nuclei (13)
and sends information to the thalamus, the anterior pre-
tectal nucleus, the pontine and abducens nuclei and the
cerebellum (14-16).

Physiological and immunobhistochemical studies have
suggested the existence of cholinergic transmission in
the PRF (13,17,18), whereas neurolransmission me-
diated by y-aminobutyric acid (GABA) in this region is
documented only by histochemical observations
(19,20,21). However, there are no neurochemical data
supporting a role of acetylcholine (ACh) or GABA as
neuratransmitters in the PRF. The aim of this paper is
to report such neurochemical evidence.

EXPERIMENTAL PROCEDURE

Materials. Adult male Wistar rats (250-270 g) were used in all
the experiments. {U-"*CJGABA (sp. act. 8.8 GBg/mmol), [merhy!->H}

030431900 ORN0-0E37305,500 © 1991 Plenum Publishing Corporation
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choline chloride (sp. act. 3.2 TBg/mmol) and [1-1Cli-g! ic acid
(sp. act. 1.7 GBg/mmotl) were purchased from NEN-Dupont (Boston,
MA). [Acetyl->H}acctylcoenzyme A (344.1 GBg/mmol) was from ICN
radiochemicals (Irvine, CA). Yeast choline kinxse, ATP, ethylenegly-
col+bis-(B-amino-cthy! ether) N, N’-lcln-lccuc lcid (EGTA) lml-
noaxyrcetic acid, eserine sulfale and p | ph were

from Sigma Chemical Co. {St. Louu MO). All o(hcr chemicals were
of analytical grade.

Isolation of PRF, Aller decapitation, the brain was quickly re-
moved and the pons was dissected on ice by means of coronal cuts,
Using the ailas of Paxinos and Walson (22) as guide, the PRF of cach
sidc was punched out with the help of a Pasteur pipet tip (1.2 mm
internal diameter), The PRF regions were sliced or homogenized as
required (scc below). In some experimenis, the dissected PRF and the
remaining pons were fixed in formaldehyde and stained by the Niss
technique. The histological analysis showed that the region of the pons
used in this study corresponds to the nucleus seticularis pontis oralis
and pontis caudalis (22).

Uptake Experiments, For uptake cxperiments, the PRF from six
rats was cut into 300 pm-thick slices with a Mcllwain tissue chopper.
Six slices were poolcd and preincubaied for 10 min at 37°C in one ml
of an oxygenated Krebs-Tris medi ining (in mM a-
tions): NaCl 118, KCt 4.7, KH,PO, 1.2, CaCl; 2.5, Mg50, 1.2,
glucose 5.6 and Tris-HCI 25, pH 7.4. In GABA uptake experiments
the medium contained 0.1 mM aminooxyacetic acid, and in those with
chaline 0.1 mM eserine sulfate. In the experiments designed to test
the Na*.dependence of the uptake, NaCl was replaced by an equios-
molar concentration of sucrose. After preincubation, ['*CJGABA (0.03
MBaq, 1.2 uM fina} concentration) or [*H]choline (0.19 MBq, 1.9 uM)
was added and after 10 min the uptake was stopped by dilution with
4 ml of the medium and immediate filiration under moderate vacuum
on 0.65 um cellulose acetate Millipore filiers, which were washed
twice with 4 m) of the medium. Since the aim of these experiments
was essentially to study the Na*-dependence of the uplake, a relatively
long incubation period was used. No kinctic experiments were carricd
out.

The slices were digested with 0.2 ml NaOH (2M) and the radio-
activity was counted by liquid scintillation spectrometry, 24 h after
the addition of 10 m! of tritosol (23).

Release Experiments. Neuratransmitier relcase was studicd by the
superfusion mcxhod previously dcscnbcd (24). PRF slices from 6 rats
wete incubated in the Na* medium under the conditions
described above. After incubation wuh the labeled compounds, the
slices were transferred to supetfusion chambers, washed by superfu-
sion at 1.5 ml/min during 8 min, and the specd was then adjusted to
1 mUmin for the collection of one-min fractions. Superfusion medium
was the same as that used for uptake. After 5 min of superfusion the
medium was quickiy substituted by one containing 2 depolarizing K+
concentration (47 mM, Na+ was proportionally reduced to maintain
osmolarity) and the superfusion was continued for 8 more minutes.
When the Ca?*-dependence of the selease was evaluated, superfusion
with a medium without Ca2¢ and containing 0.1 mM EGTA was car-
ticd out in pasalle) with the control. At the cnd of the superfusion, the
tissue was digesied with 0.3 m! of tissue solubilizer (NCS, Amersham,
IL). The radioactivity in each collected fraction and in the solubilized
tissuc was counted after the addition of 7 mi of tritosol. Results are
expressed as percent of total radicactivity released per minute {total
radiqictivity = total released + that remaining fn the tissue at the
end of the superfusion).

The identity of the radinaciive GABA released under these ex-
perimental conditions has been previously established. More than 80%
of the radioactivity released ds to this amino acid (24).

s
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Separation of Labeled Choline and Acetylcholine Released. In
ordet to determine the propottion of labeled choline and ACh released
after loading with [*H)choline, In some experiments the pooled frac-
tions corresponding lo minutes 3-5 (basal release) and to minutes 6-8
(K*-stimulated release) were used lo sepanate labeled choline from
labeled ACh, For this purpose, choline was phosphorylated with cho-
line kinase and ACh was subscquently extracted into 8 toluene scin-
tillation mixture (5 g 2.5-diphenyloxazole and 100 mg 1,4-bis[2-(5
phenyloxazaly!)}-benzene in 1 liter of toluenc), as previously described
{25). Phosphorylation reaction in standard solutions of labeled choline
was cartied out in parallel and showed that 86-88% of the total choline
was phusphorylated. The actual value in cach experiment was used to
correct the results obtained in the superfusion fractions.

Enzyme Assays. Choline acetyltransferase (ChAT), acetylcholin-
esterase (AChE) and glutamate decarboxylase (GAD) activities were

d in water b of PRF and striatum. The assays in
the latter structure were carried out for comparison.

ChAT activity was mcasured in homogenates of poolted PRF from
two rals or in onc striatum, according to the radiometric method of
Fonnum (26) with some modifications (27). AChE activity was deter-
mined in homogenatcs of one PRF or one striatum, using the spectro-
photometric method of Eflman et al (28). GAD activity was measured
in homogenates of pooled PRF from three rats or in one sirialum, by
the radiometric method of Albers and Brady (29), slightly modified
{27), in the absence and in the presence of 0.5 mM pyridoxal phos-
phate.

Protein was determined by the method of Lowry ct al (30).

RESULTS

Uptake Experiments. ["*CJGABA and [*H]choline
uptake by PRF slices is shown in Table 1. In the presence
of Na*, GABA uptake was 8 times higher than that of
choline. In both cases the uptake was Na*-dependent,
although this dependence was strict in the case of GABA
(94%) and only partial in the case of choline (50%).

Release Experiments. [*CJGABA release from PRF
slices in response to K+-depolarization is shown in Fig-
ure 1. The stimulated release of GABA was about 7-
fold in the presence of Ca®*. When this cation was omit-
ted only a slight, non significant decrease in this stim-
ulation was observed.

K+-depolarization induced a 4-fold stimulation of

Table 1, [*C]GABA and [’H]choline Uptake by Rat PRF Slices

Na* No Na-
[“C]JGABA SL1 = 125 2.8 = 0.8°
[*H]Choline 64 = 1.1 3.2 = 0.5

The uptake of labeled GABA and choline by PRF slices was deter-
mincd in the presence (118 mM) and absence of Na*. Values are
means of 6 independent experiments = SEM and arc expressed as
pmolimg proicin. *p<.005; °*p<.05, as compared to the correspond-
ing value in the presence of Na* (Student's 1 1est).
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Acetylcholine and GABA in Pontine Reticular Formation
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Fig. 1. Basal and stimulated release of labeled GABA and ACh from
PRI slices in the presence (filled circles) and absence (open circles)
of Ca?*, After loading the slices they were washed and superfused as
described under Materials and Methods. At 5 min {(arrow) the super-
fusion medium was substituted by a depolarizing medium containing
47 mM KCl. Although in these experiments labeled ACh was not
separated from labeled choline, in other experiments (see lext) it was
asscssed that only the former was released by depolarization. Each
paint is the mean value of 6 experiments carricd out in duplicate. The
maximum S.E.M. was 22% of the corresponding mcan, but for most
points it was smaller than 10%.

Table I1. ChAT, AChE, and GAD Activitics in PRF and in
Striatum Homogenales

GAD
ChAT AChE +PLP - PLP
PR¥F 69.7 = 1.4 604 =45 1088 = 2.5 523 = 2.1
Striatum 94,4 = 3.8 238.4 = 9.4 220.3 = 19.2 108.2 = 12,1

ChAT and GAD activitics arc expressed as nmol/mg protcin/h and
ACHhE activity as nmol/mg protein/min. Mean values of 6 independent
experiments = SEM.

radioactivity release from [*H]choline-loaded PRF in the
presence of Ca?* but, in contrast to GABA, this stim-
ulated releasc was almost totally Ca2*-dependent (Figure
1). Such dcpendence suggests that the released radio-
active compound was ACh and not choline. This was
confirmed in the experiments in which labeled choline
and ACh released were scparated. In these experiments
it was found that the ratio stimulated/basal releasc was
0.97 + 0.24 for choline and 2.54 = 0.18 for ACh
(means * S.E.M. for 4 experiments).

Enzyme Activities, Table 1l shows the aclivity of
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ChAT, AChE and GAD in PRF and striatal homoge-

nates, Whercas ChAT activity was only 26% lower in
the PRF than in the striatum, AChE activity was 4-fold
higher in the latter. With regard to GAD activity, it was
2-fold higher in the striatum than in the PRF, and in both
structures the addition of PLP resulted in an activation
of about 100%.

DISCUSSION

The present results indicate that both ACh and GABA
may play a role as neurotransmitters in rat PRF. Since
great care was taken during the dissection procedure to
ensure that only PRF was removed, we believe that the
data obtained reflect indced the neurochemical properties
of PRF, rather than those of surrounding tissuc such as
the raphe nuclei.

ACh. A variety of histochemical, physiological and
pharmacological data indicate the existence of cholin-
ergic neurotransmission in the PRF. This region receives
cholinergic inputs from the laterodorsal and pedunculo-
pontine tegmental nuclei (13). Carbachol application into
the PRF, both in vivo (31) and in vitro (17) results in
modifications of the ncuronal discharge rate. Further-
more, it has been shown that the enhancement of cho-
linergic activity in the PRF by the administration of
cholinergic agonists or anticholinesterase agents can in-
duce REM sleep (18,32,33). Our findings give neuro-
chemical support to the knowledge of cholinergic
transmission in the PRF, and contribute with new infor-
mation regarding some of its properties. The observation
that the uptake of choline by the PRF is only partially
Na*-dependent has been previously reported in the gran-
ular layer of cercbellum (24). This relatively Na*-in-
dependent uptake of choline does not represent binding
to the tissue but transport into the nerve endings, since
ACh newly synthesized from exogenous choline was re-
leased from PRF slices in a Ca®*-dependent manner.
The latter observation strongly supports the neurotrans-
mitter role of ACh in the PRF.

A cholinergic function in the PRF is also demon-
strated by the high ChAT activity found in this structure.
In fact, this activity was only 26%(than that in the stria-
tum, which is among the brain regions with highest ChRAT
activity (34), and higher than that reported in the hip-
pocampus and in the frontal and occipital cortex
(27,34,35). ACKE activity in the PRF was only about
25% of that in the striatum, although higher than that in
the other regions mentioned (27,35,36). However, it is
generally accepted that the ACh synthesizing enzyme is
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a more reliable marker for cholinergic synapses than its
deprading enzyme.

With the use of ChAT antibodies, no immunoreac-
tive cell bodies have been observed in the PRF of the
cat (37) and very scarce immunopositive celis have been
reported in the rat (38). Therefore, it may be concluded
that ChAT is most probably located in the nerve endings,
a conclusion supported by the results of choline uptake
and ACh release already discussed. These terminals
probably correspond to fibers arriving from the latero-
dorsal and pedunculopontine tegmental nuclei (13). In
agreement with this conclusion, the presence of ChAT
immunoreactive fibers and varicositics in the PRF, orig-
inating in these areas, has been recently described (39).

GABA. In contrast to ACh, scarce information ex-
ists about the role of GABA in the PRF. The strict Na*-
dependence of GABA uptake observed in the PRF is
related to a high affinity synaptic transport (40). We also
showed that the PRF can synthesize GABA, since rel-
atively high GAD aclivity was detected. This result agrees
with the demonstration of GAD and GABA-like im-
munorcactive cell bodies present in the PRF (19,20,41),
which send their projections to the basilar pontine nuclei
(41).

The finding that in the PRF GABA release stimu-
lated by depolarization was Ca?*-indcpendent agrees with
previous observations in other cerebral regions, both in
vitro and in vivo (42-44). In fact, this comparatively
notable independence of Ca?+ is characteristic of GABA
release, as compared to acetylcholine or other transmit-
ters (42). The site of origin of GABA release is un-
known. Although a release from neuronal somas or from
terminals of intrinsic GABAergic interneurons can not
be discarded, it seems probable that it occurs from ter-
minals of axons arising from the zona incerta, whose
neurons contain GABA and project to the PRF (11,45).
GABAergic transmission in the PRF is also supported
by the presence of GABA transaminase and GABA,, and
GABA, receptors, which was reported in the PRF by
means of histochemical, autoradiographic and in situ hy-
bridization methods (21,46,47).

In conclusion, our data suggest that both ACh and
GABA may function as neurotransmitters in the PRF of
the rat.
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Microinjections of muscimol and bicuculline into the pontine reticular
formation modify the sleep-waking cycle in the rat
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The role of y-aminobutyric acid (GABA) in the sleep-waking cycle was evaluated by means of microinjections of muscimol and bicuculline into
the rat pontine reticular formation (PRF). Muscimol (20 ng) produced a marked increase in wakefulness (70%). a decrease in slow-wave sleep (SWS)
(35%) and a remarkable delay in the onset of both SWS and paradoxical sleep, without modifying the percentage of the latter. Bicuculline (4 ng)
shortened SWS latency by about 70%. These results suggest that GABAergic transmission in the PRF is involved in the regulation of sleep-waking

cycle in the rat,

Several physiological and lesion studies have shown
that the pontine reticular formation (PRF) plays an im-
portant role in the regulation of sleep-waking cycle [3,
5]. Other reports indicate that cholinergic transmission
in this region is involved in paradoxical sleep (PS)
mechanisms [1, 4, 15). However, little information exists
on the function of other neurotransmitters in the PRF
and their participation in the sleep-waking cycle.

Recently, we have shown that y-aminobutyric acid
(GABA) can act as a neurotransmitter in the PRF {2] but
there are no data on the role of GABAergic transmission
in this region. GABA seems to participate in sleep-wak-
ing cycle regulation although its precise role is unclear.
Changes of slecp pattern after the enhancement of
GABAcrgic transmission by the intracerebral adminis-
tration of benzodiazepines, muscimol or GABA itself
depend on the site of injection. Thus, microinjections of
triazolam into the medial preoptic aren of ruts increase
slow wave sleep (SWS), whereas injections into the raphe
nucleus decrease it [10]. Muscimol injected bilaterally
into the anterior hypothalamus produces insomnia. but
its injection in the posterior hypothalamus induces both
SWS and PS [8) and reverses the insomnia produced by
preoptic area lesions in cats [13]. The unilateral local ap-
plication of GABA in the ventroposterolateral nucleus
of the thalamus decreases wakefulness (W) and increases
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Nacional Autdnoma de México, Apartado Postal 70-600, 04510-Méx-
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the total amount of sleep, due mainly to an increase in
PS [7).

In view of the above, the aim of the present work was
to study whether blocking or enhancing GABAergic
transmission in the PRF, through the microinjection of
bicuculline and muscimol. modifies the sleep-waking
cycle in the rat.

Adult male Wistar rats (250-270 g) were used. Under
ketamine anesthesia (80 mg/kg i.p.) stainless-steel elec-
trodes were implanted in the frontal and parictal cortex
for electroencephalographic (EEG) recording and in the
orbital cavity for electrooculographic (EOG) recording.
Electrodes were also inserted into the neck muscles to re-
cord the electromyogram (EMG). Furthermore, a stain-
less-steel guide cannula (21-gauge) was implanted unila-
terally into the PRF (P: 8.0, L: 1.0, V: -8.2)[12].

After surgery the animals were allowed 5 days to
recover in their home-cage. with food and water ad libi-
tum, maintained in a 12:12 h light-dark cycle. with lights
on from 07.00 to 19.00 h. During the following 5 days
they were habituated to the recording situation and on
day 11 the slecp study was started. Muscimol and bicu-
culline methiodide (Sigma) were dissolved in physiologi-
cal saline. and microinjections were made unilaterally
using an injection needle (27-gauge). inseried into the
guide cannula, that was connected through a polyethy-
fene tube to a 5yl Hamilton syringe. On day ] of the
experiment a baseline sleep recording was performed fol-
lowing u sham injection procedure {insertion of the
needie but ne injection). On day 2 the animals were ran-



Fig. L. Injection sites of muscimol (A} and bicuculline (B) in the 5 rats
studied in each group. Coordinates indicated are from bregma.
Schemes were taken (rom the atlas of Pellegrino et al. [12].

domly assigned to one of two groups: group | received
physiological saline (0.2 41} or muscimol (20 ng;/0.2 ul)
and group 2 received saline or bicuculline (4 ng/0.2 ul).
On day 3 the animals previously injected with saline
received muscimol (group 1) or bicuculline (group 2),
while the animals which had received muscimol or bicu-
culline were injected with saline. Immediately after each
injection (at 08.00 h approximately) a polygraphic
recording was performed for 6 h. The scoring of the
sleep—waking cycle was made by visual analysis of the
electrical recordings, following established criteria for
the W phase {mixed-frequency, low voltage EEG, vari-
able eye movements and high neck EMG), SWS (low-
frequency, high voltage EEG, sleep spindles, scarce eye
movements and medium muscle tone) and PS (mixed-
frequency, low voltage EEG, rapid eye movements and
absence of neck EMG). Repeated meuasures analysis of
variance and post-hoc Student's ¢-test were used for sta-
tistical evaluation.

At the end of the third recording period, Direct blue
(Sigma) (1.2 ug/0.2 ul) was injected in order to localize
the injection site. When the study was completed animals
were injected with a high dose of sodium pentobarbital
and transcardially perfused with saline. The injection
sites were verified in 80 um coronal slices. All the injec-
tions were localized in the medial PRF, both in the ros-
tral and in the caudal region (nucleus reticularis pontis
oralis and pontis caudalis, respectively, Fig. 1) [12).

Muscimol injected into the PRF produced an imme-
diate increase in EMG activity, as well as masticatory
and vibrissae movements, which lasted for a few mi-

TABLE!
EFFECTS OF ‘\IUSCI\AOL I\UEC'TIONS lNTO THE PRF ON
THE SLEEP-WAKING CYCLEOF THERAT

Values are the means+S.E.M. of § animals during 6 h of réénrding s
Percentage refers to total recorded time. Mean duration ul‘each phase
and latency are given in minutes.

Muscimol

No - Saline H
injection . - (0.2:ul) (20 ng/O uly
Percentage 28.6+28 316429 5 +
Number 246439 ;
Mean duration 4.7+£0.7 B
sSWS ) L
Percentage 628+3.7 -
Number 49.1 £4.2
Mean duration 4.9+0.6 6106
Latency 12225 : 80 6+ 14. 3"
PS 7 S BN
Percentage 85+13 8.9£09 . 98+ 29
Number 27.1+34 352449 25.2% 5.2
Mean duration LU+01 0.9+0.1 1.2+ 0.1
Latency 378+69 363+£9.7 145442720

*P <0.005; ** P<0.00!. Significance of differences between muscimol
injections and the other manipulations.

nutes. A turn of the head ipsilateral to the injection site,
which started 5 min after the injection and lasted for
about 90 min, was observed in 4 of 5 rats. In all the ani-
mals muscimol induced a marked increase (70%) in the
total time of W, that was more evident during the first
hour, in which no sleep signs were observed (Table I).
The W enhancement resulted from an increase in the
duration of W phases, mainly due to the large duration
of the first W phase after muscimol injection, rather than
from an effect on the number of W phases, This increase
was independent of the effect of muscimol on head posi-
tion, since not ail the animals with W enhancement
showed turning of the head and they had SWS phases
while their heads were turned. Latency to SWS was
increased by muscimol about 7-fold and its total
duration was reduced significantly (35%). PS latency was
also notably increased (4-fold) but the total PS time was
unchanged (Table I).

The injection of bicuculline into the PRF did not in-
duce changes in head position nor in the total duration
of W, SWS or PS. A 70% reduction in the latency to SWS
was observed, although this decrease did not reach sta-
tistical significance (P = 0.08). A tendency towards a
reduction in PS latency (40%) was also observed after the
injection of bicuculline (Table II).

Despite the A-P variation of the injection sites into the
PRF (Fig. 1), the changes in sleep pattern induced by the




TABLET]

EFFECTS OF BICUCULLINE INJECTIONS INTO THE PRF ON
THE SLEEP-WAKING CYCLE OF THE RAT

Values are the means+S.E.M. of 5 animals in 6 h of recording. Per-
centage refers to total recorded time. Mean duration of each phase and
latency are given in minutes.

No Saline Bicuculline
injection 0.2 41) (4 ng/0.2 1)
w
Percentage 305+ 2.2 397475 38.3+3.9
Number 29.01+ 28 39.0£29 41.8+4.4
Mean duration 3.8+ 03 3.6+0.7 36106
SW§
Percentage 63.3+ 2.0 550%7.2 54.6+43
Number 4204 38 54.0%5.1 61.4+4.5
Mean duration 5.7% 06 3.7+06 33104
Latency 1441 29 155429 40+ 1.1
PS '
Percentage 6.2+ 1.6 5307 6.9+0.7
Number 18.4% 2.6 19.8+3.0 26.8+3.0
Mean duration 1.1+ 04 0.9+0.! 0.940.1
Latency 53.9%11. 50.815.3 KIREXN)

drugs used were similar in all rats, suggesting that phar-
macological manipulation of GABAergic transmission
in both the nucleus reticularis pontis oralis and the cau-
dalis produces similar effects on the sleep-waking cycle,
as has been shown for drugs affecting cholinergic trans-
mission [4].

The results of the present study suggest that GABAer-
gic transmission in the PRF is involved in the mecha-
nisms that maintain wakefulness in the rat, since the
injection of the GABA 4 agonist muscimol in this region
increased W, whereas the antagonist bicuculline facili-
tated SWS. The increase in W produced by muscimol
has already been reported after the injection of this ago-
nist in other brain areas, such as the anterior hypothala-
mus {8]. Although the sleep promoting effect of bicucul-
line was relatively small, since only a tendency to a de-
crease in SWS and PS latencies was observed, it should
be noted that our study was performed during daytime,
when the baseline sleep period in control rats is very long
and therefore a pharmacological enhancement of slecp is
difficult to obtain [9]). Morcover. the dose of bicuculline
injected was relatively low. In some experiments a higher
dose of bicuculline (20 ng/0.2 ul) was tested but it pro-
duced generalized tonic-clonic seizures. Since PS was not
affected at all by muscimol nor by bicuculline, the
involvement of PRF GABAergic transmission in sleep-
waking cycle is apparently restricted to the other phases.
The participation of PRF in PS is probably dependent
on other transmitters, such as acetylcholine {1, 4. 15].

The origin of afferent GABAergic fibers to the PRF
is unknown. It is possible that they arise from the zona
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incerta, the laterodorsal tegmental nuclei or the pedun-
culopontine nuclei, whose neurons contain GABA and
project to the PRF [6, 11, 14), but the existence of
GABAergic interneurons in the PRF can not be ruled
out.

In conclusion, our data indicate that GABAergic
transmission in the PRF probably participates in the
regulation of the sleep-waking cycle in the rat.

This work was supported in part by CoNACyT
(Project P228CCOX-880370).
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ARSTRACT
In this worl we  have determined the levels- of glvcine,
glmtamate cand other-amino acids in the rat ponfiné,:reticular

Farmation ,WPRF)' as. wel] ARG sOMme propert:ee m+ the uﬁﬁdke{'anﬁ

Peleaéef of. 1abeled glyeine and nlut«mate in sllces gF ;thig.

region. ‘Glutamate* waﬁ the maost concentrated aming
FRF, -although its content was abdut'

in-the F“’l\‘

Surprisih@iy;iglyciné levels

triatum. whereas

in the

regions.

WARS étrrr‘ y

Ih91r releaqp'

rbut

depola 1L7; Dnly fhe releaﬁef—' Lo lycines s was o faRt =

& Ustrong

dependent.r These]VFindings“suggest fhatJ 1ycine

'Cdndldate Fbﬁhiaf‘néuratransmitter Sand i that

glutamate‘might also play such a roele in this Fégion, 

EEY  WORDS: Fontine reticular fnrmatxon. q]yc1nn- glutamates

neuwrotransmitter amino acids- upLaPe and release

(b



INTRODUCTION
Slncw thp publ:catlon of thP cla%&lca] ﬁapeﬁ af-Aprison~ and
Werman (1),: glyclne has been pruqrassively 'accepted aé én

inhibitory” neurctran smitter (in the spinal cord and the brain stem

(2, andj the; ,i;rrsome~'evidence that it vmight‘walso' be ia

transmitter jin}:sﬁhélsupraspinal regions. sweh) ae‘ithé‘ cerebral
ccrtex,‘aﬁd”,#hé Méerebe11ar alomeruli (F,4). ih  mednlla*pons.
glyciné : i5 égj§dﬁEentra?Ed a8 in tha sﬁinél ;@rd iﬁi, and qcme
Finging§f§uggest:that it may. be a neurD£raﬁ5miﬁtér in LhF pontlne
huclei’fé); ‘ : o :

In reqené/ studies on the rat péntimﬁ retxcular,zfo}ﬁafiah
(PEE}, kaifﬁegiﬂﬂ,iﬁYD¥V9d,i” idiYergé: phyblolmulcnl proces%e :
inéludihg raaid e&ekmovamént'ﬁleen 7=, head and eve mnvempnt%

(10-13) ““and” mbfqr‘r activitY  '(14L15X;f,weg;haveﬁ Shown bRt

T~aminobutyriC'a&id {GAEA) isréynfhésfzed,;ﬁékeﬁ up and.” réiéésea
by depolarization, and thak GAEAEFQIL trqnbmlﬁslun in +h1e‘,érea
is praebably related to the regul tlon D+ the SJBDp"WdLan c;élé:
(16,17).]H0we§er, Dther pufatlvelam1np acld transmltﬁers havé nb£
beeﬁ ‘studied in-this region; Glutamgféi%4ah ’am5iy' dlstrlbutedA

Excitatory"neurotransmitter (18,19), r Fhe muqt abunddnt ‘am1nn

acid in MEdulla?pmnE f”',ﬂl) but A Lhe Ce

EﬂéréA?is hd ‘1nFurmaL10n regard1nqrrit$ 1evglf andﬁypass;blé"
transﬁitfer' vole in the'PRF, Theref@re, in the preseﬁt  Qb;k' QE
have ‘measured the levelé of glyéine, glutamate. SABA and;‘gther
amino. racids ,in'thé FRF,. as well as the uptake and 'Félea§é~ of

labeled glycine and glutamate in slices of this region.

se ,nF ﬂlyclne. L



LXPEPINFNTAL PRDCEDUF

Adult maJP Wistar vats (2850-270 t) ~ were dsed in

all-‘tﬁe ré’ﬁerlmenf%. LT 161yeing isp.'amt;"19;1 1Ci/mmd1i wasg

purchased  from  Amersham. (Ruckinghamshire, UKD Cand tl~[14C]L-
glutamiﬁ acid (sp. act. 486 mCi/mmoly was From NENfDupoﬁt (Roston,
ML Ethylengglycc1~bisw(B—aminumethvl ether) =N, N’ ~teotra-acatic
acid (EGTA)Y, o~phthaldialdehydea, tetrahydroﬁuran and the aminﬁ
acids were obtained from Sigms Chemical Co. (St. Louis, MO). A1l
other chemicals were of analytical grade. B

Isolation of FRFE. After decapitation, the brdin was guickly

removed and  the pons was diséected onlce by means ”bF;fcorénél
cuts. - Using the atlas of Faxinos and watsonjizé)iésj.ﬁﬁidéf};thé"}
FRF. of. each Side was pﬁnched out with fhé h§1p u%:%4P +Fur plpet'

tip (L2 mm finternal diameter) o The FRF regigns,wefe_ &llCEd or
homogenized as required: (see below) . As préviuusiy reported'_(lﬁl'”
the pa}t of  the poﬁe used in thisrraﬁudy cmrregﬁonAS tox the

nucleus reticularis pontis ora lla and pDﬂtl“ caudalls.

Uptake sune

I‘ﬁ

nents, For uptake experiments, the FRE - from six

irate was  cul into 300 po-thick siicer withh e a McIlwain "tis§ue

chopper. 8ix slices were pmnlpd and pre:ncubdtpd For lU fmin‘ at

E7°C in one ml of. an mxyaenated }rpbs Trlq medlum contatnlnq ¢in

c1‘2 LS,

mil concenﬁratJQQﬁl.' NaC] 11s,mhg;,“
Mab0a. 1.2, glucmse 5.6‘ and TFl‘“HCl In the
puperiments . des 1gned +D tegt the Na*—dependence Df the upLaPek

NaCl = was replacpd by an nquxosmclar cancen?ratlon mf SUCHOSE.

Atter pre1ncubat10n.‘ C=H]g]yc1ne ;(l;Q ;yCl. 10 ﬂ 1uM final

concentration) or [%4Cngutamate (O.ETuCi,‘O.S‘uM) was added’  and



after 10 min the uptake was stopped. by dilution with 4 ml of  the
medium and. 1mmed1at9 FLlLraLLon under moderate vacuum on 0L &5 fin -
cv]lulase dcctate Mllllpo(c Eilters Which were  washed Twice with

4 ml of . the medlum.‘51nce the aim 'DF theSE' PYp rlmﬁnts was

essentially  '9 ’%tudy fhe Na*“dephndence QF  the»~uptaPe,' a

relatively 'long 1ncubat10n pgrmgd»wwas‘ qsed} NOt sk inetle
experiments WEFEVCdrFlEd ouL;
The " slices” wahe.;digesfed'wiﬁh Q.2 0wl NaOH (1 M) and - the

radioactivity was tduntéd by 1iquidvécintillation ygpeétrDMEtry,v

24 h after the addition of 10 ml of tritosol (23);“

Felease . experisments. Newrotransmitier release Was 5tud1ed by

the superfusion method previouslty destribad (4)-. FRE sllcer‘gflom

6 rats  were. incubated. in the Na* containing mediym

conditions dpsrrib@d above. After incubm+imn wifH*'tl

compounds; the slxces were transterved. to aupelfu510n, chanber o,

“washed by »uperfu ion atvl.a ml/mln during 8 m1n Capaepd

was then ’adjusted oL ioml/min far Ehe Héqlléctibn' o

fract1ons. Super+uﬁ1an mediuM»waﬁ the ‘same.as

uptake. Q+ter 5: mJn a supe Fu

47 mM;}N * was prapmrt onally reiuced tQ

and cantaxn'y

delum w1Lhaut Ca?*

parallel ~thh Phe control." 

tissue Wasfdiéested‘wrth
Amersham, IL).,The'rédiQéct101p

in the solubil;ied'tissﬁé, :  5 the addltlmn QF 7 ml



of tritosol. ﬁegultsr are’ expressed as perceht' oFf L tatal
radioactivity released per .mithQ (total,fadimactivit&km’ total
released - -+ Ehatrlreméininq in tﬁe’tiSQHQ at the - end oF ?tHE
zuperFuSiun).

Identity gf rele

dsed radioactive glygine: In some experimerts
the identity of the radigactive glycine released wag @ ascertained

by  TLLC. Fooled: fractions corvresponding to: minutes  3~5 {bagal

release), . 6~8 (pe - of stimulated - release) and -~ 9-11; were

desalted by passing -~ through a Dowey AG 50 ‘calumm  (H* form),

eluted with';NHAél = Mf; concentrated by evaporatitn ana  hot

‘éléhall'yolume of 0.1 NHCI, spotted on TLC
of 70%

sheets - of geland runT witho w3 Umisture:

ethanbiiﬁ¥5utapol Fandar de oﬁffﬁéfraﬂi@édti?éf'g;véiﬁé

l=cm;

were - oruns Cincparalles ‘sheelts werae, cubt in pieces. and

was; after ¢

radiéécﬁ;QlﬁQiﬁ qééﬁwbi'c.f

of - tritosel directly intillation’

glutamate, it .ha béen'pfeviously;éstabl shed

experimental [ conditions used more than. 8

released corresponds to this amino acid:

Free amino acid levels. The levels  DF7 g,yCine;r‘glutamata,

asparta£e, setrine, glutamine, thrsdhihé;yﬁgufihe,\ élanine and
Gﬁﬂﬁ5'”wére'méaéured'in"extracts~DFvPﬁFiéndistwiaﬁuﬁ.mwThel amino
acids were derivatized with D—phthaldialﬁeHQdé,_separated by HPLC
and detected fluarometrically. The,d@terminatidnS‘in‘tha striatum
were carried out with comparative‘purpuaes.

Unilateral FRF and striatum were homogenized in .2 ml‘ and

Q.3 ml of ice-cold water, respectively. An aliquot was taken for



and . a- =mall  volume of lconcentrated

“pretein T defermination
perchloric‘:aﬁid”(céléﬁimtéd tosgive a Q. 7% Final concantration?
was immediateiy added to the thmgena£e&) Prntéin wésiéedimehted
Dy centri?udatimn in-a Beékman'micro¥uﬂé. andd” Lhe sﬁpérnatant
WAas neutralized with KOH and centrifuged aqéin ta 5edim¢nt the
precipitated metassium sarchlorate. ‘
The émino,écidﬁ were derivatized with uwphthaldialdehyde KéS)
and three. min  later 20 2l of the mixture were injected - into a
Beckman @ Gold System chromatograph. Thé_H?LC procedure.  was - as
dﬁsctibed by Rajendra (26&), which‘pérhits akgood sapar-ation  of
alycine from tﬁreunine. HrieFiy, “the ahinb'acidé‘werevzeparated
in  a reverse phase ODS column (25 cmyﬁ'd”mmv internal  diameter)
and. dgtécted Fluorometrically in:a Beckmén “Fluoroneter. Thé
mob;lé,AhHaBEVWaﬁ meﬁhanml:tétrahydkoﬁuraﬂl(?7:3)¥é@dium' acetate
buffer (pH 7.2, 000 MY and was run at 1.5 ml/min. in & multistep
g?édieqtr:(bérlmin, Clovitan ?OZ: methanalﬁtetrahydro#uran)} ;The,
identification ahd'qdantitéticﬁ é#rthe chromatdgraphig ﬁeéké Qe?ef
madé try Eombarisnn_ af  their retention times with 'ﬁhqéé ‘of

standard amino acid mixtures run under identical conditions. When

necessary, as in " the case of.glycine. and “threan E internal

standards were . used to verify the  identity o Ut he
chromatographic peak&.

rotein was determined. by the method of Lawry. et all {27}

RESUL.TS

Uptabke experiments, The uptake ' of “labeled glycine —and

glutamate by PRF slices is shown in Table I. In the presence of

Na™, glutamate uptalke was 18 times higher than that of -glycine.

~i



For both damife acide the uptahérwaﬁ strictly: Mat—dependent s since
inthe absence of this cation it was reduced by F3-97%.

Release

EFHIGlvoine releace  $rom PRFE slices is

shown  in  Figure 1.  The amino acid wéﬁ well  retained’ by the
tissue, since the. basal release was. {2% pér 'min.‘:PmtaQSium*
depplarization resulted! in Srz.émFold peal étimuiatiqg_ijk'the
release. in the presence of Caﬁ+,‘and when this détibhjﬁaslbﬁitt?d

the stimulation was completely abolished. Glutamaféf

also ﬁtimulated‘by H;~dép01arization; but fﬁisﬁéﬁimulatln
less  notable (1.7-fold peak

in  the case of glycine. ' In

sradigactivity

released 1éfﬁer:lo ding.the tisﬁuefhifhtély§§hé'éﬁaﬁéd"that’71%'i

5,e;m,)JBF”ﬁheibaséii}evééée 1 88% . F.1. of -the
rel ase:correspcnded to thiaraméﬁo Aacid (no= Um0 T
these:e#péhiments thefreleaSE mF,glycihe‘waé stimulated 3,3*led.

g acid levels. As shownidn Table 11, glutamats was

the ~mdst kédh&énfrateﬁ gminmrqcid,(yﬁgth:im;thé FRF.and Jin ,thé
ﬁfriéfukgyéufui£5‘ievels in therﬁarmeffwére nearly S0% lower thaﬁ
in the‘iatter,VThe content aFléspéPéate.,serine, alanine and GARA
Has‘éimi}aﬁfinzbmthfStructures;a'Giﬁtamfﬁé; thirgonine and taurine
were ~mdré‘Acoﬁcentrated in: the atfiatum. Glycine was the only
amiﬁor écid' fhat was considerably more concentrated in  the VPRF

than in the striatum (3.2-fold). Its content in the PRF was

slightly highef than that of GARA.

g



DIBCUSBION

The - ﬁre Dnt e s ultr indicate that both giyéine and

glutamatey“:’partfcdléfly' the ;Fafmer, : fanxll same of . the

neurochemiéél :cEitgria tmrﬁe consédered,as‘neqrmtrmnsmitterﬁ “in
the FRF. e -
In £he.céﬁé;oF;glyciha.:ifs tahééntfdﬁioﬁ in the FEFfWa5 Smore
than .SQFDidlhidhar‘than in thP &fr'aﬁuhuiThisﬂﬁniéenerﬁif'agr995
with 'Fecent VEDDFtE in whlch Free §minQ?$cidéTwére.meaﬁu}ed ‘by

»HPLC, ‘5how1ng rhnt in, mmdulla ponv’giycihéuléVéI 1w&ﬁm~2~fto e

fold ,hlgher'fthan 1n'the 5tr1atum (20;28){1A5{Lin Ehe pioneer
‘studies on glycine concentration in the CNE8 (sea ref. 2, this

finding. suggests that Ehis aming acid may be a . newrotransmitter -

,in,fhe PR# e

The ‘r@sultg 0( quc1ne uptahfvand relea"e Llrongly %appdrt

the abova— p0351b Iity fptahe iwas practlcally*'

ahal;shed when Nd* wag umltted 1n he madlum. fand the requ1rament

of thl” 'catlan 1c va1cal GF the h1 aFFtnify' transport OF

WiLh respert o re]eaeéu the

neurotr nsm1tter dmlnD—dcldb
abeled aming HCLd was wpll rpta1n@d by PRr %1[?@5. which is:also

_ & property of .amino ac1d neurqtﬁanstttersu ‘nmt'sharedfby nan-

transmitter. odes léucihp or u~am1nalsubutyr1r aL1u

llces WG

(30,310). Furthefmp? : the e 2ase-of glycxne f:om PRF‘
stimulated by H+;debb1arlzatlon and th1srstimu1at10n wag'strictl?
dependeht;'on'the'pkesenceAQF Ca’" in the medium. 'Thisylfacf' is

particularly ‘interesting,  Firstly because. it has ‘also been

obgervedfvlnr synaptoﬁmmes from spinal’™ cord, 'medqila}7fcefebral
cakte) dnd 1501at&d cerebel lar ulomaruli (3'4,22),, and secondly

because fhe ~str1ct Ca=+—dapendence oﬁ quc1nu release ssharply




contrastes with thétiéfréﬁﬁéVar,éiuﬁéméte;»whicﬁ Haﬁ'bémn shown te
be Camf“indapﬁhdeht iﬁlséveéélkCNS preparations . (4,35-35) fSﬁchu
Caﬁ*~depandancék:iéarailéood-indicatian That :tha 'EadioactiyitQ
releazed corresponds ‘to glyecine  and nmtr.tw huh"tranéﬁittér’
metabolites. This wae  confirmed  in- the e:-ifne!;iméh'ts of .TLC
separation af +he compoundh released, “which: ghmwed fhat .glyc1ne
accmunted‘+ofla Jarge proportion (88%) of the dJUdCthlty.:

It has’'been shown that the stimulation pF'the bulbar;ret;culaF
Fmrhaticﬁv gan inhibit the activity quéame neUfuﬁé’in; the’ FRF
(36, th “the neurotransmitters involved in “this ‘éfbgeés  are,
Gnitiowr.In view of ﬁhe préﬁent Fiﬁdinés and 5iﬁce“;heuroﬁs in
the. medullary ' reticular formation project tolthefFEF‘ (3?5, ;t‘
seems | . probable that glycine:is respoﬁéigle'me'éuﬁhf?ihhi51£6rfr
action. However. the existence of élycipergic ihtarneuan5 inside
the FRF.- carnnot be discarcded. A :

Differently  from ;gly&ihé,« Ehé; hlqh chncéntrafion_ of

glutamate cannot “he ’LDH%ldErPd 'as yan v1dencm for . its

transmitter role. Howsver, thp flndlngs Lhdt,thlg‘aminmlacid WAS

taken wup by FRF slices”in a Na*mdependentamanner dnd thdL its

release was stimulated . by F*—depmlarnnatlmn squ@wt Lhat 1t may
play a neurntransmitter Functionu;‘ Alfhcugh“the, stamulated

Lndependmnt";as manLloned abavu

releass  was practi;a{iyﬁg
paftiéi ”gérfﬁtal Cai*"ind@penQEnce‘oF glutamata re]ease in other
cerebral. regions bas beén oﬁﬁervéd (B4,35)0 A neurotranSmitter
role for this amino acid in fhe PRF is also supported by & recent
repoart descﬁlblng St he erlﬁtence of the three main = subtypes of

excitatory amino acid'receptors in thig region (38).



Newrons . from. the Iatérodcrsal};na%paauﬁéﬁiﬁpénfgﬁe'ftééméntal
ruclei ‘send efferents torthé PRF :énﬁf'éxhihit Q}qtamaﬁe«like
immunoreactivity (39540;.~; PRF:-‘élsd‘ :feééiiéﬁtr»ﬁﬁolinwrgjc
projections From th@ﬁé nﬁgléir(3§)? and it”hasybeen_repmrted that:
glutamate‘and‘achylchaline éqenist in newons of bath structures
(410 ThereFore, it‘is cénceivable that “PRF receives excitatory
input, mediated by gluﬁamata or - by acetylcholine., Ffrom the
laterodorsal - and pedunculeopontine tegmental nutleir It has also

heen demonstrated that electrical stimulation of the FRF  induces

monosynaptic axcitatory poastaynaptic potentials in the
contralateral FRF © (42). This reticular-reticular excitatory

pathway might be also mediated by glutamate;
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