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NOGUEIRA, R. L. AND F. G. GRAEFF. Role of 5-HT receptor subtypes in the modulation of dorsal periaqueductal
gray generated aversion. PHARMACOL BIOCHEM BEHAYV 52(1) 1-6, 1995.—To explore the role of 5-HT receptor
subtypes in controlling aversion, we measured the effect of 5-HT,, and 5-HT,, 5c receptor agonists microinjected into the
dorsal periaqueductal gray (DPAG) of rats on aversive behavior induced by electrical stimulation of the same brain area. The
5-HT,, agonists 8-OH-DPAT (4-16 nmol) and BAY-R-1531 (4-16 nmol) raised the threshold of aversive electrical stimulation
in a dose-dependent way. Similarly, microinjection of the 5-HT,, »c agonist DOI (4-16 nmot) increased the aversive threshold
in a dose-dependent way. In contrast, the 5-HT,¢ agonist mCPP (16 and 32 nmol) was ineffective. Previous intra-DPAG
administration of the 5-HT,, receptor blocker NAN-190 (40 nmol) antagonized the antiaversive effect of 8-OH-DPAT (8
nmol), whereas pretreatment with the 5-HT,, receptor blocker spiperone (10 nmol) antagonized the effect of DOI (16 nmol).
Spiperone also counteracted the effect of 8-OH-DPAT and NAN-190 counteracted the effect of DOI. These results indicate
that activation of 5-HT,, and 5-HT,, receptors inhibits aversion in the DPAG and that both receptors have to be functional

for the expression of each one’s activation to occur.
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THE PERIAQUEDUCTAL gray matter of the midbrain inte-
grates behavioral and neurovegetative manifestations of the
defense reaction, and electrical stimulation of its dorsal divi-
sion has strong aversive effects. Several neurotransmitters
have been implicated in the modulation of aversion generated
in the dorsal periaqueductal gray (DPAG), among them
GABA, excitatory amino acids, serotonin (5-HT), and opioid
peptides [for a review, see (14)].

In regard to 5-HT, there is abundant experimental evidence
indicating that this amine inhibits aversion in the DPAG.
Early results obtained by Kiser and coworkers (26,27) have
shown that intraperitonial injection of the 5-HT precursor
S-hydroxitryptophan (5-HTP), as well as of the 5S-HT uptake
inhibitor chlorimipramine, decreased rat lever-pressing behav-
ior that reduced, step by step, the intensity of aversive electri-
cal current applied to the DPAG. Conversely, the 5-HT syn-
thesis inhibitor PCPA facilitated lever-pressing escape from
DPAG electrical stimulation. The latter effect was also caused

by nonselective 5-HT receptor antagonists, such as methyser-
gide and cyproheptadine (11,33). More recently, Jenck and
coworkers (23-25) reported that the relatively selective 5-HT,,
receptor antagonists ketanserin, trazodone, and spiperone or
the 5-HT,. receptor agonists mCPP and DOI (also a 5-HT,,
agonist) had antiaversive effects in rats trained to jump from
one side of a shuttle-box to the other to switch off DPAG
electrical stimulation. Conversely, the 5-HT,, receptor agonist
8-OH-DPAT or the mixed 5-HT,, ¢ Teceptor antagonists ri-
tanserin, cyproheptadine, and mianserin had proaversive ef-
fects. With systemic administration, however, it is not possible
to ascertain whether these drugs were acting in the DPAG or
elsewhere in the brain.

Using microinjection of drugs directly into the DPAG,
Schiitz et al. (34) have shown that 5-HT administration raised
in a dose-dependent way the threshold of electrical current
inducing flight when applied to the same brain area. The non-
selective 5-HT receptor agonist 5-MeODMT was more potent
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and more effective than 5-HT. Both the nonselective 5-HT
antagonist methergoline and the 5-HT,, ,c antagonist ketan-
serin prevented the antiaversive effect of 5-HT at a dose level
that did not affect the aversive threshold when the antagonists
were given alone. Similarly, increasing the activity of 5-HT
from nerve fibers innervating the DPAG (8) by either inhibit-
ing S-HT reuptake with zimelidine or promoting 5-HT release
with the presynaptic receptor [5-HT,; (13)] blockers proprano-
lol and isamoltane had antiaversive effects that were blocked
by ketanserin or ritanserin (3,30). Furthermore, in conformity
with the results obtained using aversive brain stimulation, mi-
croinjection of either 5-MeODMT or propranolol into the
DPAG of the rat had an anxiolytic effect in the elevated plus-
maze (19), antagonized by local pretreatment with ritanserin
(4,17). These results indicate that activation of postsynaptic
5-HT,, ¢ receptors in the DPAG inhibits aversion.

Although the evidence described to date strongly implicates
5-HT,,,,c receptors, reported behavioral as well as electro-
physiological results suggest that 5-HT, , receptors also partic-
ipate in the regulation of aversion generated in the DPAG
(7,10,28). To further analyze the role of 5-HT receptor sub-
types in aversion, we measured the effect of selective agonists
of 5-HT,, (8-OH-DPAT, BAY-R-1531) and of 5-HT,,
(DOI) receptors microinjected into the DPAG of rats on aver-
sive threshold of electrical stimulation applied to the same
brain region. The 5-HT,. agonist mCPP was also studied. In
addition, we investigated the combination of 8-OH-DPAT
with the selective 5-HT,, antagonist NAN-190, and that of
DOI with spiperone, a 5-HT antagonist that has nearly 1000
times more affinity for 5-HT,, than for 5-HT,. receptors (32).
Finally, the interaction between 5-HT,, and 5-HT,, receptors
was analyzed by combining 8-OH-DPAT with spiperone and
DOI with NAN-190.

METHOD

Animals and Housing

Male albino Wistar rats, weighing 200-250 g, were housed
in pairs, with free access to food and water, under a 12L : 12D
cycle (lights on at 0600 h). The temperature in the animal
room was maintained at 23 + 1°C.

Surgery

Rats anesthetized with sodium pentobarbital (40 mg/kg,
IP) were operated in a stereotaxic instrument (David Koft,
USA) and a chemitrode was implanted in the DPAG. The
chemitrode was made of stainless steel guide cannula (outside
diameter 0.6 mm, length 12.5 mm) glued to a brain electrode
made of stainless steel wire (diameter 250 um), enamel insu-
lated except at the cross-section of the tip, reaching 1 mm
below the lower end of the cannula. The electrode wire was
connected to a male pin, parallel to the outer end of the can-
nula, that could be plugged into an amphenol socket at the
end of a flexible electrical cable and used for brain stimula-
tion. Holding the incisor bar 2.4 mm below the interaural line,
the chemitrode was introduced 1.9 mm lateral to lambda, at
an angle of 22° with the sagittal plane, until the electrode tip
was 5.2 mm below the surface of the skull. The chemitrode
was attached to the bone with stainless steel screws and meth-
ylmethacrylate polymer cement. A stylet with the same length
of the guide cannula was introduced inside it to prevent ob-
struction.

Apparatus

A shuttle-box consisting of two compartments of 25 x 20
X 22 cm, with no barrier between them, was placed inside
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an insulating chest provided with fan and a wide-angle lens
allowing one-way vision. During the experiments, the com-
partments were indirectly illuminated by a 5-W red lamp. The
grid floor of the shuttle-box tilted around the midline axis
whenever a rat passed from one compartment to the other.
This movement closed a microswitch placed under the floor,
which was connected to electromechanical programming and
recording equipment (Grason-Stadler, USA).

Brain stimuli were generated by a sine-wave stimulator
(29). The stimulation current (peak to peak) was monitored
on the screen of an oscilloscope (Beckman Industrial, Korea).
The brain electrode was connected to the stimulator by means
of a mercury swivel and a flexible cable, allowing ample move-
ment of the animal inside the box.

Procedure

Five days after surgery, the rats were handled for 10 min
and placed inside the shuttle-box for 20 min. The experiment
was performed on the next day. For the determination of the
aversive threshold, a method modified from Audi and Graeff
(2) was used. Five minutes after the rat was placed inside
the shuttle-box a sham intracerebral injection was made (see
below). Ten minutes after the injection, a series of 10 electrical
stimuli (AC, 60 Hz) was presented through the implanted elec-
trode. The interstimulus interval was 10 s whereas the interval
between successive series was 1 min. Whenever the rat crossed
the midline of the shuttle-box, ongoing brain stimulation was
automatically switched off. If no switch-off response oc-
curred, the stimulus lasted 10 s. Switch-off responses were
recorded by a digital counter. The current intensify started at
the subthreshold level of 20 uA, peak to peak, equal to 7.1 uA
root mean square (RMS). The current intensity was increased
by steps of 2.8 uA RMS until the rat made a switch-off re-
sponse. Thereafter, the current intensity was increased if the
rat failed to switch off twice within a series of 10 stimuli.
Otherwise, the current intensity was kept constant along the
series of 10 stimuli. The aversive threshold was the lowest
current intensity causing 9 or 10 switch-off responses in a
series of 10 stimuli. Animals with a basal threshold above 42.4
uA RMS were discarded. With this method, determination
of the aversive threshold took nearly 15 min. Following the
threshold determination, rats stayed inside the shuttle-box and
received one or two intracerebral injections. The aversive
threshold was redetermined either 10 or 20 (DOI) min after
the last (or the only) injection.

Intracerebral Injection

For drug injection into the DPAG, a needle (outside diame-
ter 0.3 mm) was introduced through the guide cannula until
its tip was 1 mm below the cannula end. A volume of 0.5 ul
was injected in 30 s (for 16 nmol 8-OH-DPAT, 1 gl in 60 s),
using a 10-ul microsyringe (Hamilton, USA), its embolus be-
ing pushed by a micrometer. The same procedure was used for
sham injections, except that the tip needle did not penetrate
into nervous tissue and no volume was injected. The displace-
ment of an air bubble inside the polyethylene catheter connect-
ing the syringe needle to the intracerebral needle was used
to monitor the microinjection. The intracerebral needle was
removed 60 s after the injection was finished. When a second
injection was given, a 10-min interval was allowed between the
injections.

Histology

After the experiment the rat was sacrificed under deep an-
esthesia with ether. The brain was perfused through the heart
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with saline solution (0.9% NaCl), followed by 10% formalin
solution, before being removed and fixed in 10% formalin.
Frozen sections of 55 um were placed on a glass slide and
examined with a microscope under low magnification. Elec-
trode placements were localized in diagrams of the Paxinos
and Watson (31) rat brain atlas. Only the data from rats hav-
ing electrode tips inside or near the border of the DPAG were
used for calculations.

Drugs

The following drugs were used: (z)-8-hydroxy-2-(di-n-
propylamino)tetralin hydrobromide (8-OH-DPAT, RBI, USA),
6-methoxy-4-(di-n-propylamino)-1,3,4,5-tetrahydrobenz(c,d)
indole hydrochloride (BAY-R-1531, Bayer, Germany), (+)-1-
(2,5-dimethoxy-4-todophenyl)-2-aminopropane hydrochloride
(DOI, RBI), 1-(m-chlorophenyl)piperazine dihydrochloride
(mCPP, RBI), 1-(2-methoxyphenyl)-4-[4-(2-phthalimido)bu-
tyllpiperazine hydrobromide (NAN-190, RBI), and spiperone
hydrochloride (RBI).

A microsuspension of NAN-190 and spiperone in saline
containing 2% Tween 80 was used for intracerebral injection.
The remaining drugs were dissolved in sterile saline.

Statistical Analysis

Single factor analyses of variance (ANOVA) were per-
formed. For post hoc comparisons the multiple range test of
Newman-Keuls was used. A value of p < 0.05 was required
for significance.

RESULTS
Behavioral Effects of DPAG Electrical Stimulation

Electrical stimulation of the DPAG caused the following
sequence of behavioral changes as the intensity of electrical
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FIG. 1. Dose-dependent increases in aversive threshold produced by
microinjection (0.5 ul in 30 s) into the dorsal periaqueductal gray
(DPAG) of the 5-HT,, receptor agonists 8-OH-DPAT (open columns)
and BAY-R-1531 (striped columns). The aversive threshold was the
lowest current intensity inducing at least nine midline crossings
(switch-off responses) in 10 successive trials with electrical stimulation
(AC, 60 Hz) applied to the DPAG of rats placed inside a shuttle-box.
For each animal, the drug-induced change in threshold (in uA, RMS)
was the difference between the value measured 10 min after drug
administration and the basal threshold determined 10 min after a
sham intracerebral injection. Columns represent the mean and vertical
lines the SEM for 12 rats. SAL indicates control saline injection. **p
< 0.01 ¢ompared to respective control by the Newman-Keuls test.
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FIG. 2. Effect on aversive threshold of intra-DPAG microinjection
of the 5-HT,, ¢ receptor agonist DOI (striped columns) and of the
preferential 5-HT, receptor agonist mCPP (open columns). For each
animal, the drug-induced change in threshold (in uA, RMS) was the
difference between the value measured 10 min (mCPP) or 20 min
(DOI) after drug administration and the basal threshold determined
10 min after a sham intracerebral injection. Columns represent the
mean and vertical lines the SEM for 12 rats. SAL indicates control
saline injection. **p < 0.01 compared to respective control by the
Newman-Keuls test.

current increased: first alert, then freezing, and finally run-
ning, which stopped as soon as the brain stimulation was
switched off. The basal aversive threshold, measured after the
sham injection, was 20.82 + 0.54 uA (RMS) for all 287 rats
used.

Effect of 5-HT Receptor Agonists on Aversion

As shown in Fig. 1, the two 5-HT,, agonists used raised
the aversive threshold of DPAG electrical stimulation in a
dose-dependent way. ANOVA showed a significant drug ef-
fect for BAY-R-1531, F(3, 44) = 5.40, p = 0.003, and 8-OH-
DPAT, F(3, 44) = 7.34, p = 0.0004.

It can be seen in Fig. 2 that the 5-HT, agonist DOI also had
a dose-dependent antiaversive effect following its microinjec-
tion into the DPAG. ANOVA showed a significant drug ef-
fect, F(3, 44) = 5.03, p = 0.0044. In contrast, the doses of
16 and 32 nmol of the 5-HT,c agonist mCPP did not signifi-
cantly change the aversive threshold, F(2, 33) = 2.45, p =
0.1021.

Antagonism of the Antiaversive Effect of 8-OH-DPAT
and DOI

The upper panel of Fig. 3 shows that pretreatment with
either NAN-190 or spiperone antagonized the antiaversive ef-
fect of 8-OH-DPAT. ANOVA showed a significant overall
drug effect, F(4, 55) = 6.96, p = 0.0001. Multiple compari-
sons with the Newman-Keuls test showed a significant anti-
aversive effect of 8 nmol of 8-OH-DPAT (VEH + DPAT vs.
VEH + SAL, p < 0.01) and a significant attenuation of this
effect by 40 nmol of NAN-190 (NAN + DPAT vs. VEH +
DPAT, p < 0.01) and by 10 nmol of spiperone (SPIPER +
DPAT vs. VEH + DPAT, p < 0.01).

The lower panel of Fig. 3 similarly shows that pretreatment
with either spiperone or NAN-190 antagonized the antiaver-
sive effect of DOI. ANOVA showed a significant overall drug
effect, F(4, 54) = 5.15, p = 0.0014. Multiple comparisons
with the Newman-Keuls test showed a significant antiaversive
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FIG. 3. Antagonism of the antiaversive effect of 8 nmol 8-OH-
DPAT (upper panel) or of 16 nmol DOI (lower panel) by NAN-190
(40 nmol) and spiperone (SPIPER, 10 nmol). The drug antagonists or
vehicle (VEH, 2% Tween in saline) were injected 10 min before the
agonists or saline (SAL). The posttreatment threshold was determined
10 min after 8-OH-DPAT and 20 min after DOI injection. Columns
represent the mean and vertical lines the SEM of 11 rats for the NAN
+ DOI group and 12 for the remaining groups. Other specifications
are in the legend of Fig. 1. **p < 0.01 compared to control (VEH +
SAL), +p < 0.05, + +p < 0.01 compared to 8-OH-DPAT (VEH
+ DPAT) or DOI (VEH + DOI) by the Newman-Keuls test.

effect of 16 nmol of DOI (VEH + DOI vs. VEH + SAL,
p < 0.01) and a significant reduction of this effect by spiper-
one (SPIPER + DOI vs. VEH + DOI, p < 0.05) and by
NAN-190 (NAN + DOIvs. VEH + DOI, p < 0.01).

Neither NAN-190 nor spiperone, alone, significantly
changed the aversive threshold (NAN + SAL or SPIPER +
SAL vs. VEH + SAL, p > 0.09).

DISCUSSION

In the present study, two 5-HT,, agonists, 8-OH-DPAT
and BAY-R-1531, raised the aversive threshold of DPAG elec-
trical stimulation in a dose-dependent way following their mi-
croinjection into the same brain area. Because components of
the 5-HT behavioral syndrome, such as flat body posture, did
not occur following microinjection of these drugs into the
DPAG, the observed drug effect does not seem to be due to
locomotion impairment. Moreover, the present results agree
with reported evidence showing that intra-DPAG administra-
tion of 5-HT,, agonists (8-OH-DPAT and 5-CT) attenuated
escape behavior induced by local microinjection of the excit-
atory amino acid D,L-homocisteic acid (7). Therefore, activa-
tion of 5-HT,, receptors is likely to inhibit aversion generated
in the DPAG. Furthermore, these receptors may be located
postsynaptically, because the antiaversive effect of 8-OH-
DPAT was antagonized by NAN-190, at a dose that was inef-
fective when given alone. Reported evidence indicates that
NAN-190 acts as an antagonist on postsynaptic 5-HT,, recep-
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tors, yet behaves as a partial agonist on autosomic receptors
of the dorsal raphe nucleus, causing cell firing inhibition, per
se (18).

Nevertheless, stimulation of 5-HT,, ,,c receptors also seems
to determine antiaversive effects, because in the present study
the 5-HT,,,»c agonist DOI caused dose-dependent increases
in aversive threshold when microinjected into the DPAG. In
addition, it has been shown that the antiaversive effect of
either 5-HT or drugs that increase 5-HT concentration in the
synaptic cleft is antagonized by 5-HT,,,,c receptor blockers,
such as ketanserin and/or ritanserin (3,4,30,34). In addition,
the antiaversive effect of DOI was counteracted by spiperone,
a drug that has nearly 1000 times more affinity for 5-HT,,
than for 5-HT, receptors (32). Therefore, 5-HT,, receptors
are likely to be mainly responsible for the inhibition of aver-
sion in the DPAG.

Concerning 5-HT, receptors, the present results show that
neither 16 nor 32 nmol of mCPP decreased the aversive
threshold of DPAG electrical stimulation. However, Marsden
and coworkers reported that intra-DPAG administration of
mCPP (20 nmol in 250 nl, 10 min before the test) enhanced the
defense response induced by local application of the excitatory
amino acid D,L-homocisteic acid (6), indicating a proaversive
role of 5-HT, receptors in the DPAG. The different methods
used in these studies may explain the discrepancy between the
latter and the present results. So far, only nonsignificant
trends towards aversive threshold decrease have been observed
with the procedure used in the present study [e.g., (30)], indi-
cating that this method may not be able to detect proaversive
drug effects. Nonetheless, the interpretation of mCPP action
is obscured by the low specificity of this drug as regards 5-HT
receptor subtypes. In binding assays mCPP displays consider-
able affinity for 5-HT,, and 5-HT,3, in addition to 5-HT,
receptors (13,21). For instance, it has been shown that pre-
sumed 5-HT g receptor blockade with propranolol or isamol-
tane produces antiaversive or anxiolytic effects (3,4,30).
Therefore, stimulation of 5-HT,g receptors localized on nerve
endings may decrease 5-HT release (13), resulting in proaver-
sive effects.

Altogether, the experimental evidence discussed to date indi-
cates that activation of both 5-HT, , and 5-HT,, receptors medi-
ates the antiaversive effect of 5-HT in the DPAG. Two electro-
physiological studies (10,28) strongly support this assumption,
because they revealed the existence of two types of neurons re-
sponsive to 5-HT in the DPAG and adjacent midbrain tectum.
The first type displays a very low level of spontaneous activity
and is excited by 5-HT. Because this excitatory effect was
blocked by pretreatment with ketanserin and mimicked by «-
methyl-5-HT, it is likely to be mediated by 5-HT,, ,c recep-
tors. In contrast, the second type of neuron has its baseline
activity —either spontaneous or evoked by iontophoretic ap-
plication of D,L-homocisteic acid—inhibited by 5-HT as well
as by the 5-HT,, agonists, 8-OH-DPAT and gepirone. Why
both an excitatory effect and an inhibitory effect at the cellu-
lar level result in attenuation of aversion is not clear, although
a likely possibility is the excitation of inhibitory interneurons
through 5-HT,, receptors. This arrangement has already been
described in the cerebral cortex (35).

Admitting that 5-HT can affect either 5-HT,, or 5-HT,,
receptors to produce antiaversive effects in the DPAG, it is
quite puzzling that in previous studies the direct or indirect
effect of 5-HT was blocked by 5-HT,,,,c antagonists alone
(3,4,30,34). In this regard, however, the present results show
that the effect of 8-OH-DPAT—a 5-HT,, agonist—was
blocked by the 5-HT,, antagonist spiperone, whereas that of
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the 5-HT,, ¢ agonist DOI was similarly affected by previous
administration of the 5-HT,, antagonist NAN-190. Unless re-
ceptor specificity is abolished at the high concentrations of
drug achieved with intracerebral injection, such reciprocal an-
tagonism indicates that both receptor subtypes have to be
functional for the expression of each one’s activation to occur.
Although several examples of 5-HT, ,/5-HT, receptor interac-
tion have been reported (5,9,36), none fits the presently evi-
denced pattern. Therefore, the interplay between 5-HT,, and
5-HT,, receptors regulating aversion in the DPAG seems to
be worth further investigation.

There is an apparent contradiction between the evidence
with peripherally and centrally administered drugs concerning
the role of different 5-HT receptor subtypes in aversion. Al-
though reported results obtained with systemic injection sug-
gest that stimulation of either 5-HT,, or 5-HT,, receptors
enhances aversion (23-25), the above discussed evidence with
intra-DPAG injection indicates that the same receptors medi-
ate antiaversive effects in the DPAG. However, systemically
injected drugs may be acting outside the DPAG, in regions
where 5-HT facilitates aversion (e.g., the amygdala) (12,17,

20). Also, 5-HT,, agonists, when given at the periphery, can
stimulate autosomic 5-HT receptors that inhibit raphe neuron
firing (1).

On the basis of preclinical and clinical evidence it has been
suggested that 5-HT mechanisms regulating aversion in the
DPAG are involved in panic disorder and in the mode of
action of antipanic drugs (12,15-17). Therefore, the present
results indicating that both 5-HT,, and 5-HT,, receptors in-
hibit aversion in the DPAG may have clinical implications.
For instance, the above-discussed evidence pointing to an anti-
aversive role of 5-HT,, receptors in the DPAG indicates that
the therapeutic potential of 5-HT,, receptor ligands such as
ipsapirone and gepirone in panic disorder is worth careful
investigation (17).
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