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Abstract
The medial thalamic parafascicular nucleus (PF) and the rostral anterior cingulate cortex (rACC)
are implicated in the processing and suppression of the affective dimension of pain. The present
study evaluated the functional interaction between PF and rACC in mediating the suppression of
pain affect in rats following administration of morphine or carbachol (acetylcholine agonist) into
PF. Vocalizations that occur following a brief noxious tailshock (vocalization afterdischarges) are
a validated rodent model of pain affect, and were preferentially suppressed by injection of
morphine or carbachol into PF. Vocalizations that occur during tailshock were suppressed to a
lesser degree, whereas, spinal motor reflexes (tail flick and hindlimb movements) were only
slightly suppressed by injection of carbachol into PF and unaffected by injection of morphine into
PF. Blocking glutamate receptors in rACC (NMDA and non-NMDA) by injecting D-2-amino-5-
phosphonovalerate (AP-5) or 6-Cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX) produced
dose-dependent antagonism of morphine-induced increases in vocalization thresholds. Carbachol-
induced increases in vocalization thresholds were not affected by injection of either glutamate
receptor antagonist into rACC. The results demonstrate that glutamate receptors in the rACC
contribute to the suppression of pain affect produced by injection of morphine into PF, but not to
the suppression of pain affect generated by intra-PF injection of carbachol.
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Introduction
Four decades of neurosurgical observations demonstrate that the anterior cingulate cortex
(ACC) contributes to the affective dimension of pain. Ablation of large portions of the ACC
or its underlying white matter (cingulum bundle) alleviates the emotional suffering of
patients in chronic pain, but fails to impair their ability to judge the location or intensity of
their pain (Foltz and White, 1962; Ballantine et al., 1967; Hassenbusch et al., 1990; Yen et
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al., 2005). However, recent studies indicate that regional differences exist within the ACC in
the processing versus modulation of pain affect.

Neuronal activation in the caudal ACC (cACC) elicited by noxious stimulation is related to
the processing of pain affect in humans and animals (Bentley et al., 2003; Porro et al., 2003;
Vogt et al., 2003; Kulkarni et al., 2007). Conversely, the rostral ACC (rACC) contributes to
inhibitory modulation of nociceptive processing. Electrical stimulation of the rACC in rats
increased response latencies on the hot-plate and tail-flick tests (Hardy, 1985), and reduced
the aversive quality of noxious tactile stimulation in nerve-injured rats (LaBuda and Fuchs,
2005). Human neuroimaging studies demonstrated preferential activation of rACC during a
variety of interventions reported to reduce the perception of pain unpleasantness, and these
increases in rACC activation were accompanied by a reduction of noxious-evoked activity
in cACC (Garcia-Larrea et al., 1997; Garcia-Larrea et al., 1999; Casey et al., 2000;
Faymonville et al., 2000; Bantick et al., 2002; Petrovic et al., 2002; Willoch et al., 2003;
Petrovic et al., 2005; Zubieta et al., 2005).

The medial thalamic parafascicular nucleus (PF) is also implicated in the processing and
modulation of pain affect, and has extensive reciprocal connections throughout the ACC
(Vogt et al., 1979; Deschenes et al., 1996; Vercelli et al., 2003; Weigel and Krauss, 2004).
The PF receives nociceptive afferents (Stevens et al., 1989; Krout and Loewy, 2000) and
noxious peripheral stimulation evokes neural activity in PF (Casey et al., 1974; Yen et al.,
1989; Bullitt, 1990). Ablation of PF relieves the emotional suffering associated with chronic
pain in humans (Mark et al., 1961; Whittle and Jenkinson, 1995) and reduces affective
responses of animals to noxious stimulation (Kaelber et al., 1975; Saade et al., 2007).
Escape and avoidance conditioning in rats supported by noxious peripheral stimulation or
stimulation of nucleus reticularis gigantocellularis (i.e., medullarly link of the spino-
retuculo-thalamic pathway) are also attenuated following lesion of PF (Mitchell and
Kaelber, 1967; Delacour, 1971; Roberts, 1991). Recent reports that failed to observe deficits
in avoidance conditioning in rats with medial thalamic lesions did not include PF in their
analysis (Wang et al., 2007; Wilson et al., 2008). Alternately, high frequency stimulation of
PF results in reports of intense pain and unpleasantness in humans (Thoden et al.,
1979;Velasco et al., 1998), and aversive pain-like reactions in animals (Kaelber and
Mitchell, 1967; Rosenfeld and Holzman, 1978).

Nociceptive-reactive neurons within the PF are the primary relay of nociceptive input to the
ACC. Stimulation of nociceptive-reactive neurons in the PF produces excitatory responses
within the ACC (Hsu and Shyu, 1997; Hsu et al., 2000), and suppression of neural activity
in the PF or lesion of PF eliminated noxious-evoked neural activity in ACC (Sikes and Vogt,
1993; Yang et al., 2006). Projections from PF to ACC appear to be glutamatergic. PF
synapses in the ACC are characterized by anatomical indices indicative of excitatory output,
namely asymmetrical junctions and round synaptic vesicles (Marini et al., 1996). Further,
histological and autoradiographic analyses identified postsynaptic glutamate receptors
throughout the ACC (Unnerstall and Wamsley, 1983; Ohishi et al., 1995; Ohishi et al.,
1998). Intracellular recordings demonstrated that glutamate, acting at both NMDA and
AMPA/kainate receptors, mediates excitatory neurotransmission within the ACC (Sah and
Nicoll, 1991; Liauw et al., 2003), and neural activity in ACC evoked by stimulation of PF is
reduced by injection of NMDA (AP-5) and AMPA/kainate (CNQX) receptor antagonists
into ACC (Yang et al., 2006; Lee et al., 2007).

The PF contains opioid and acetylcholine receptors (Spencer et al., 1986; Mansour et al.,
1987), and opioids and acetylcholine modulate neuronal activity within PF (Dafny and
Gildenberg, 1984; Capozzo et al., 2003). We reported that microinjection of morphine or
carbachol (broad spectrum acetylcholine agonist) into PF preferentially reduced rats’
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affective response to noxious stimulation through their action at μ-opioid and muscarinic
receptors, respectively (Harte et al., 2000; Harte et al., 2004). The present study evaluated
the contribution of glutamate receptors in the rACC to the suppression of pain affect
generated by injection of morphine or carbachol into PF.

Experimental Procedures
Animals

Forty-two, male Long-Evans rats (Charles River, Portage, MI) between 100 and 150 days
old at the time of surgery were used. Rats were housed as pairs in polycarbonate cages in a
climate-controlled vivarium (lights on 0700 h to 1900 h), and given ad libitum access to
food and water. Testing occurred during the light portion of the cycle. Rats were handled
daily for one week prior to surgery to minimize the effects of stress from human contact. All
procedures were approved by the IACUC of Wayne State University.

Anatomical Definition of rostral ACC
There is no common scheme to differentiate rostral and caudal regions of the rodent ACC.
For purposes of this study, ACC was divided following anatomical landmarks indicated in
the rat brain atlas of Paxinos and Watson (1998). The rACC (or perigenual ACC) was
identified as the area encompassing both the precallosal cingulate gyrus that lies
immediately anterior and ventral to the genu of the corpus callosum (bregma 4.20 mm to
1.70 mm) and the supracollosal cingulate gyrus at the level of the genu (bregma 1.60 mm to
0.70 mm). The cACC (or midcingulate cortex) was defined as the cingulate gyrus superior
to the body of the corpus callosum extending caudally from the genu to the splenium
(bregma 0.48 mm to −1.40 mm). This delineation is in general agreement with the regional
segregation of the rodent ACC used elsewhere (Johansen et al., 2001; Vogt et al., 2004).

There is also considerable variation in the nomenclature used to identify equivalent areas of
the rodent ACC (Uylings et al., 2003; Jones et al., 2005). The nomenclature used here
follows that adopted by Zilles and Wree (1995) in which the rACC is divided into dorsal and
ventral cingulate areas, identified as Cg1 and Cg2, respectively, that correspond to
Brodmann area (BA) 24in primates (Vogt et al., 2004). The rACC also comprises the
prelimbic (BA 32) and infralimbic (BA 25) cortices.

Stereotaxic Surgery and Histology
Under aseptic conditions, rats were anesthetized with sodium pentobarbital (60 mg/kg, ip)
following pretreatment with atropine sulfate (1 mg/kg, ip). Stereotaxic coordinates (Paxinos
and Watson, 1998) were measured relative to the bregma suture and the top of the level
skull. Stainless steel 26-gauge double-cannulae (Plastics One, Roanoke, VA) were
implanted above the rACC (AP: + 2.70 mm, L: ± 0.6 mm, DV: −1.2 mm) and PF (AP: −4.3
mm, Lat: ± 1.2 mm, DV: − 4.0mm). Cannulae were affixed to the skull with bone screws
and cranioplastic dental cement, and fitted with an obturator that extended the length of the
cannulae to maintain patency. Rats were given 7–10 days to recover before testing.

At the conclusion of testing, rats were sacrificed by carbon dioxide asphyxiation. Injection
sites were marked by safrin-O dye (0.25 µl) and brains were extracted and placed in a 20%
(w/v) sucrose formalin solution for 48–72 hours. Brains were sectioned at 40 µm on a
freezing microtome, and injection sites were localized using the rat brain atlas of Paxinos
and Watson (1998). Histological analysis was done without knowledge of the behavioral
results.
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Assessment of Pain Affect
Research in this laboratory validated vocalization afterdischarges (VADs) as a rodent model
of pain affect. These vocalizations occur immediately following application of noxious
tailshock, are organized within the forebrain, and have distinct spectrographic characteristics
compared to vocalizations that occur during shock (VDSs; Carroll and Lim, 1960;
Hoffmeister, 1968; Borszcz, 1995b; Borszcz and Leaton, 2003; Borszcz, 2006).
Systemically administered drug treatments that preferentially suppress the affective reaction
of humans to pain (Gracely et al., 1978; Price et al., 1985) also preferentially suppress
production of VADs (Borszcz et al., 1994). Generation of VADs is suppressed by damage of
or drug treatments into forebrain sites known to contribute to production of the affective
response of humans to clinical and experimental pain (Mark et al., 1961; Hoffmeister, 1968;
Sweet, 1980; Borszcz, 1999; Harte et al., 2000; Zubieta et al., 2001; Borszcz and Leaton,
2003; Nandigama and Borszcz, 2003; Harte et al., 2004). Additionally, the capacity of
noxious tailshock to support fear conditioning is directly related to its production of VADs
(Borszcz, 1993; Borszcz, 1995b; Borszcz and Leaton, 2003; Borszcz, 2006). In the present
study, the effects of experimental treatments on VAD threshold were compared with their
effects on the thresholds of other tail shock– elicited responses that are organized at
medullary (VDS = Vocalizations During Shock) and spinal (SMR = Spinal Motor Reflexes)
levels of the neuraxis (Carroll and Lim, 1960; Borszcz et al., 1992).

Testing Apparatus
Testing was controlled by custom computer programs via a multifunction interface board
(DT-2801, Data Translation, Marlboro, MA) installed in a PC. Rats were placed into custom
made Velcro body suits and restrained on a Plexiglas pedestal using Velcro strapping that
passes through loops located on the underside of the suits. This design maintains the rat in a
crouching posture throughout testing, permits normal respiration and vocalizing, and allows
unobstructed access to the head for intracerebral injections (see photograph in Borszcz,
1995b). Testing was conducted within a sound attenuating, lighted, and ventilated chamber
equipped with a small window that enabled visual monitoring of rats during testing.

Tailshock (20 ms pulses at 25 Hz for 1,000 ms) was delivered by a computer controlled
constant current shocker (STIMTEK, Arlington, MA) through electrodes (0-gauge stainless
steel insect pins) placed intracutaneously on opposite sides of the tail, 7.0 cm (cathode) and
8.5 cm (anode) from the base. The intensity, duration, and timing of tailshocks were
controlled by the computer. Current intensity was monitored by an A-to-D converter that
digitized (500 Hz sampling rate) an output voltage of the shocker that was proportional to
the current delivered.

Spinal motor reflexes (SMRs) were measured with a semi-isotonic displacement transducer
(Lafayette Instruments Model 76614, Lafayette, IN) attached to the rat’s tail with cotton
thread. The arm of the transducer was positioned behind and perpendicular to the tail such
that the thread extended in a straight line directly behind the rat. The output voltage of the
transducer was amplified (x50) and then digitized (500 Hz sampling rate) by an analog-to-
digital converter of the interface board. SMR was defined as movement of the transducer
arm by at least 1.0 mm following shock onset. The computer recorded the latency (ms), peak
amplitude (mm), and magnitude (cm × ms) of tail movement on each trial. Displacements up
to 100 mm can be detected, and latencies in 2 ms increments can be measured.

Vocalizations were measured by a pressure-zone microphone (Realistic model 33–1090,
Tandy, Ft. Worth, TX) located on the wall of the testing chamber 15 cm from the rat’s head.
The microphone was connected to an audio amplifier (Technics model SA-160, Tandy, Ft.
Worth, TX) and a 10-band frequency equalizer adjusted to selectively amplify frequencies
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above 1500 Hz. The filtering of low frequencies prevented extraneous noise (i.e., rats’
respiration and movement artifacts) from contaminating vocalization records. The output of
the amplifier was integrated by a Coulbourn Instruments (Allentown, PA) contour following
integrator (2 ms time base) and digitized (500 Hz sampling rate) by a separate analog-to-
digital converter of the interface board. The peak intensity (in decibels: SPL, B scale),
latency (ms), and duration (ms) of vocalizations during the shock epoch (VDS) and for the
2,000 ms interval following shock termination (VAD), were recorded by the computer.

Pain Testing
On 3 consecutive days prior to testing, rats were adapted to the testing apparatus for 20–25
min/day to minimize the effects of restraint stress. Test sessions consisted of 20 randomly
presented trials. On 16 trials tailshocks between 0.02 mA and 2.50 mA were delivered, and
on 4 trials no current was delivered so as to assess false alarm rates. Trials were presented
with a minimum intertrial interval of 30 seconds, and each test session concluded within 20
minutes. These procedures caused no observable damage to the tail. Following each test
session, the testing apparatus was cleaned with 5% ammonia hydroxide to eliminate stress
odors (Fanselow, 1985).

Experimental Design
Two groups of rats (morphine group, n = 14; carbachol group, n = 15) were implanted with
bilateral cannulae directed toward PF and rACC. Morphine group rats received the
following bilateral microinjections prior to pain testing: rACC/saline + PF/saline (baseline
condition); rACC/saline + PF/morphine (5 µg/side); rACC/AP-5 (2 or 4 µg/side) + PF/
morphine (5 µg/side); rACC/CNQX (1 or 2 µg/side) + PF/morphine (5 µg/side); rACC/
AP-5 (2 or 4 µg/side) + PF/saline; rACC/CNQX (1 or 2 µg/side) + PF/saline. The carbachol
group rats received the following bilateral microinjections prior to pain testing: rACC/saline
+ PF/saline (baseline condition); rACC/sal + PF/carbachol (2 µg/side); rACC/AP-5 (2 or 4
µg/side) + PF/carbachol (2 µg/side); rACC/CNQX (1 or 2 µg/side) + PF/carbachol (2 µg/
side); rACC/ AP-5 (2 or 4 µg/side) + PF/saline; rACC/CNQX (1 or 2 µg/side) + PF/saline.
Therefore, every animal in both groups received each antagonist in rACC, but the different
doses of each antagonist were evaluated in separate subgroups. One subgroup received the
high dose of AP-5 and CNQX, whereas the other subgroup received the low dose of AP-5
and CNQX. Injections into PF and rACC were separated by 10 min, and the PF injection
was always administered second. Pain testing began 7–10 min following completion of PF
injections.

The total of six treatment conditions were presented on a quasi-Latin square schedule that
maintained the rACC/saline + PF/saline and rACC/saline + PF/agonist treatments at either
the beginning or the end of each testing sequence. Comparison of the rACC/saline + PF/
saline treatment at these times permitted evaluation of multiple test sessions on baseline
thresholds. Comparison of the rACC/saline + PF/agonist treatment at these times permitted
evaluation of the effects of multiple test sessions on morphine- or carbachol-induced
increases in response thresholds. Test sessions were separated by 5–7 days, and the rACC/
antagonist + PF/saline treatment conditions were always tested between treatment conditions
in which an agonist was administered into the PF. Thus, injections of agonist into the PF
were separated by a minimum of 10 days. This time interval reduced the likelihood that
tolerance would develop following repeated drug injections (Yaksh et al., 1976).

Following the completion of the testing sequence, a subset of rats (n = 7) underwent an
additional pain test following administration of NMDA (1 µg/side) into rACC. Animals
were taken from both the morphine and carbachol groups, and were selected on the basis of
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health and cannulae condition. This subset of animals tested the direct effect of
glutamatergic receptor activation of the rACC on pain response thresholds.

Anatomical specificity of rACC antagonist administration was evaluated in a separate group
of rats (n = 4) by microinjecting morphine into PF, and AP-5 and CNQX into sites ventral or
lateral to the Cg1 region of the rACC (extra-rACC). Each animal received bilateral
injections of antagonist at multiple D/V coordinates using a series of different length
injectors, starting at the most dorsal position and moving ventrally in increments of 0.25–0.5
mm. In total, AP-5 and CNQX were injected into 15 unique extra-rACC locations.

Drug Injections
Intracerebral injections were administered in a constant volume of 0.25 µl via 33-guage
injectors that extended 1.2 mm (rACC) and 3 mm (PF) beyond the cannula tip. Injections
were made at a constant rate over 1 min via an infusion pump (Harvard Model PHD 2000),
and injectors were left in place for 2 min after the completion of injections to aid the
diffusion of drugs into the tissue. Morphine, carbachol, CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione), and NMDA (N-methyl-d-aspartic acid) were purchased from
Sigma-Aldrich (St. Louis, MO); AP-5 (2-amino-5-phosphonovaleric acid) was purchased
from Tocris (Ellisville, MO). CNQX was dissolved in distilled water; all other drugs were
dissolved in sterile isotonic saline.

Data Analysis
Following each test session, data were reorganized in ascending order according to tailshock
intensity. SMR, VDS, and VAD thresholds were calculated as the lesser current intensity
from a string of at least two consecutive intensities that generated the response. Response
thresholds following rACC/saline + PF/saline and rACC/saline + PF/agonist treatments were
collapsed across antagonist subgroups, and directly compared using MANOVA. A
significant omnibus MANOVA was followed by within-subject contrasts of response
thresholds, and one-way ANOVA across individual treatment levels. The effects of agonist
on individual responses were compared using Student’s t-test for independent samples.
Planned comparisons that assessed the capacity of intra-rACC antagonist treatment to reduce
increases in response thresholds produced by intra-PF morphine or carbachol were
conducted using Student’s t-test for independent samples. The alpha level was 0.05 for all
analyses. Rats with injections outside of the PF and/or rACC were separately grouped and
analyzed.

Response thresholds deviating two standard deviations or more from the mean threshold in
any treatment condition were considered outliers and rejected from analysis. Five threshold
outliers were removed in the morphine group and two threshold outliers were removed from
the carbachol group. One additional response threshold from the morphine group and two
from the carbachol group were removed from analysis due to experimental error (e.g.,
injection failure, corrupted/lost data file).

Results
Response Profile

As demonstrated by Carroll and Lim (1960), SMR, VDS, and VAD reflect nociceptive
processing at progressively higher levels of the neuraxis. Their analysis of rats that received
transections of the neuraxis revealed that SMRs are organized at the spinal level (also see
Borszcz et al., 1992), VDSs within the medulla below the pontomedullary border, and
VADs within the forebrain. Consistent with our previous reports, rostrally organized
responses were rarely generated without those integrated more caudally within the CNS.
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VAD generation, without concomitant generation of VDS or SMR, occurred on 0.68% of
trials. Similarly, VDS was generated without SMR on 0.40% of trials in which VDS was the
most rostrally elicited response. False alarm rates for each response were low: SMR =
3.74%, VDS = 2.84%, VAD = 2.85%. A low incidence of false alarms indicates that
responses were not induced by drug administration, were not occurring spontaneously, and
were not conditioned responses to the context, but instead were generated by tailshock.

Response Performance
The effects of morphine and carbachol on the performance of SMR, VDS and VAD were
evaluated. Performance variables at threshold following vehicle (rACC/saline + PF/saline)
treatment were compared to performance variables at threshold following rACC/saline + PF/
agonist treatment. The latency, amplitude, and magnitude of SMRs, and latency, amplitude,
and duration of VDSs and VADs did not differ following vehicle and morphine treatments,
ts < 2.05, ps > 0.05. On the other hand, carbachol treatment resulted in selective decrements
in SMR and VDS performance. Compared to SMR latency following vehicle treatment, the
SMR latency at threshold following PF-carbachol administration was significantly increased
(228.0 ms vs. 347.2 ms), t(22) = 2.49, p < 0.05. PF-carbachol treatment also significantly
reduced VDS duration compared to baseline performance (660.4 ms vs. 437.8 ms), t(22) =
3.35, p < 0.01. SMR amplitude and magnitude, VDS latency and amplitude, and VAD
latency, amplitude, and duration were not altered by PF-carbachol treatment, ts(22) < 1.99,
ps > 0.05.

Intra-PF Morphine vs. Intra-rACC AP-5 and CNQX
The effects of intra-PF administered morphine (5 µg/side) on SMR, VDS, and VAD
thresholds are shown in Figure 1. Comparison of response thresholds following rACC/saline
+ PF/saline treatment revealed no differences in baseline responding, F(2, 29) = 2.22, p >
0.05. However, response thresholds were differentially affected by rACC/saline + PF/
morphine treatment. Comparison of response thresholds following rACC/saline + PF/saline
and rACC/saline + PF/morphine treatments (repeated measures MANOVA, Hotelling’s
Trace) revealed significant main effects of treatment, F(2, 29) = 57.32, p < 0.001, and
response, F(2, 40) = 26.40, p < 0.001, and a significant Treatment × Response interaction,
F(2, 40) = 24.47, p < 0.001. This interaction reflects the finding that morphine preferentially
increased VAD threshold. Pair-wise contrasts of VAD threshold with VDS and SMR
thresholds yielded significant main effects of response, Fs > 24.01, ps < 0.001, and
significant Treatment × Response interactions, Fs > 21.63, ps < 0.001. Comparison of
baseline thresholds with those following the administration of rACC/saline + PF/morphine
revealed significant threshold increases for VAD and VDS [ts(20) > 5.02, ps < 0.001], but
not for SMR, t(20) = 1.39, p > 0.05. Direct comparison of VAD and VDS thresholds
following rACC/saline + PF/morphine treatment revealed that VAD threshold was
significantly elevated above VDS threshold, t(22) = 5.30, p < 0.001.

Intra-rACC administration of AP-5 resulted in the dose-dependent antagonism of morphine-
induced increases in VDS and VAD thresholds (Figure 1A). Planned comparisons revealed
that the 2 and 4 µg/side doses of AP-5 significantly reduced morphine-induced increases in
VDS threshold, ts > 3.91, ps < 0.01. Following injection of either dose of AP-5, VDS
threshold was restored to its baseline level, ts < 1.20, ps > 0.05. Morphine-induced increases
in VAD threshold were also significantly reduced by the administration of 2 and 4 µg/side
AP-5, ts > 2.22, ps ≤ 0.05, but it remained elevated compared to baseline following both
doses of AP-5, ts > 2.65, ps < 0.05. Furthermore, AP-5 had no effect on baseline responding.
Administration of either dose of AP-5 into rACC (rACC/AP-5 + PF/saline) failed to alter
baseline thresholds of any of the responses, ts < 1.64, ps > 0.05.
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Intra-rACC administration of CNQX also resulted in the dose-dependent antagonism of
morphine-induced increases in vocalization thresholds (Figure 1B). Administration of 2 µg/
side CNQX significantly reduced VAD threshold [t(10) = 3.46, p < 0.01], and restored VAD
and VDS thresholds to baseline levels, ts < 2.02, ps > 0.05. VDS and VAD thresholds
remained elevated compared to baseline following administration of 1 µg/side CNQX, ts >
3.22, ps < 0.05. Similar to AP-5 treatment, neither dose of CNQX altered baseline
thresholds, ts < 1.

PF-Carbachol vs. Intra-rACC AP-5 and CNQX
The effects of intra-PF administered carbachol (2 µg/side) on SMR, VDS, and VAD
thresholds are shown in Figure 2. Similar to the results observed following PF-morphine
treatment, baseline thresholds of SMR, VDS, and VAD did not differ, F < 1, but the intra-PF
administration of carbachol differentially affected response thresholds. Comparison of
response thresholds following rACC/saline + PF/saline and rACC/saline + PF/carbachol
treatments (repeated measures MANOVA, Hotelling’s Trace) revealed significant main
effects of treatment, F(1, 26) = 96.84, p < 0.001 and response, F(2, 52) = 46.20, p < 0.001,
and a significant Treatment × Response interaction, F(2, 52) = 44.41, p < 0.001. This
interaction reflects the finding that carbachol also preferentially increased VAD threshold.
Pair-wise comparisons of VAD threshold with VDS and SMR thresholds yielded significant
main effects of response, Fs(1, 26) > 35.29, ps < 0.001, and significant Treatment ×
Response interactions, Fs(1, 26) > 33.74, ps < 0.001. Compared to baseline, VAD and VDS
thresholds were significantly elevated following rACC/saline + PF/carbachol treatment,
ts(26) > 4.82, ps < 0.001. In addition, PF-administered carbachol produced a slight, yet
significant, increase in SMR threshold over baseline, t(26) = 3.06, p < 0.01. Direct
comparison of response thresholds following rACC/saline + PF/carbachol treatment
revealed that both VAD and VDS thresholds were significantly elevated above SMR
threshold [ts(24) > 4.14, ps < 0.01], and VAD threshold was significantly elevated over
VDS threshold, t(24) = 4.37, p < 0.001.

Intra-rACC administered AP-5 or CNQX failed to reduce threshold increases in
vocalizations thresholds produced by PF-carbachol treatment. Compared to rACC/saline +
PF/carbachol treatment, no differences were observed in VDS or VAD thresholds following
administration of 2 or 4 µg/side AP-5 (Figure 2A), or 1 or 2 µg/side CNQX (Fig. 2B) into
rACC, ts < 1.21, ps > 0.05. VDS and VAD thresholds remained elevated compared to
baseline following both doses of AP-5 (ts > 3.75, ps < 0.001) or CNQX (ts > 2.53, ps <
0.05). Intra-rACC administration of either dose of AP-5 or CNQX failed to alter baseline
thresholds, ts < 2.11, ps > 0.05.

Histological Analysis & Anatomical Specificity
Schematics depicting representative dual-injection sites (PF and rACC) from the morphine
group are shown in Figure 3. Figure 3A shows the bilateral distribution of AP-5 and CNQX
injection sites within the rACC. The majority of microinjections were localized bilaterally
within the Cg1 region of the rACC; a small number of injections were also localized along
the dorsal border of Cg1 within the secondary motor cortex. No systematic differences were
observed in the distribution of sites that received antagonist treatment. All injection sites
within Cg1 were effective in reducing the increases in VDS and VAD thresholds produced
by PF-morphine administration.

Anatomical specificity of rACC antagonist administration to reduce threshold increases
produced by PF-administered morphine was evaluated in a separate group of rats by
microinjecting AP-5 and CNQX into sites ventral or lateral to the Cg1 region of the rACC
(extra-rACC). As shown in Figure 3A, extra-rACC injections were localized in one of

Harte et al. Page 8

Neuroscience. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



following locations: secondary motor cortex, prelimbic cortex (BA 32), infralimbic cortex
(BA 25), corpus collosum, and caudate putamen. Rats found to have unilateral Cg1
placements during postmortem histological examination were also collapsed into the extra-
rACC group. Extra-rACC administered AP-5 or CNQX failed to reduce threshold increases
produced by PF-administered morphine (Figure 4). Compared to extra-rACC/saline + PF/
morphine treatment, no differences were observed in VDS or VAD thresholds following
administration of 2 µg/side CNQX or 4 µg/side AP-5 into extra-rACC sites, ts < 0.95, ps >
0.05. Compared to rACC/saline + PF/saline treatment, increases in VAD threshold
following PF-morphine administration remained elevated following extra-ACC
administration of AP-5 (t = 2.83, p < 0.05) or CNQX (t = 3.29, p < 0.01). Thus, the capacity
of AP-5 and CNQX to attenuate elevations in vocalization thresholds produced by PF-
morphine treatment appears limited to a bilateral action within the Cg1 region of the rACC.
SMR and VDS thresholds were not significantly elevated compared to baseline in this group
of animals following intra-PF morphine administration (ts < 1.74, ps > 0.05).

The distribution of morphine injection sites within PF (Figure 3B) is similar to those we
previously reported (Harte et al., 2000), and consists of bilateral injections localized to the
portion of PF lateral to fasciculus retroflexus. No systematic differences were observed in
the distribution of sites within PF that received morphine injections. All injection sites
within PF were effective in generating morphine-induced increases in vocalization
thresholds.

As shown in Figure 3B, several injection sites of morphine were also identified dorsal and
ventral to PF (extra-PF). These injections provided control data for the possibility that the
effects of morphine on response thresholds resulted from its spread into other sites near PF.
Administration of morphine into extra-PF sites (rACC/saline + extra-PF/morphine, n = 9)
produced significant increases in VDS and VAD thresholds over baseline thresholds as
compared to rats that received injections of saline into PF and rACC, ts > 2.46, ps < 0.05
(Figure 5). However, these increases in vocalization thresholds were much smaller
compared to those observed following the intra-PF injection of morphine and intra-rACC
injection of saline, ts > 3.14, ps < .001. Therefore, the increase in vocalization thresholds
observed following injection of morphine into PF is likely the result of the action of
morphine within PF. SMR threshold was not affected by extra-PF morphine, t(17) = 1.02, p
> 0.05.

Schematics depicting representative dual-injection sites from the carbachol group are shown
in Figure 6. Figure 6A shows the bilateral distribution of injection sites of AP-5 and CNQX
into the rACC. The distribution of injection sites was similar to that found in the morphine
group, and no systematic differences were observed in the distribution of sites within rACC
that received antagonist treatment. All injections of antagonists into the rACC failed to
reduce increases in vocalization thresholds produced by intra-PF carbachol treatment. VAD
and VDS thresholds following rACC/antagonist + PF/carbachol treatments were not
significantly different from those following the rACC/sal + PF/carbachol treatment, ts <
1.21, ps > 0.05. In addition, two injection sites were located ventral to rACC in the prelimbic
cortex (not shown). Injections of AP-5 and CNQX into this area were also ineffective in
reducing carbachol-induced threshold increases.

The distribution of carbachol injection sites within PF (Figure 6B) is similar to that which
we previously reported (Harte et al., 2004). Similar to the morphine group, the carbachol
injection sites were bilateral and localized to the lateral portion of PF. Figure 6B also depicts
three extra-PF injections of carbachol. Extra-PF injections of carbachol did not appear to
increase the threshold of any response, although the small number of injections into these
areas precluded statistical analysis of this subset of data. We previously reported that the
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administration of carbachol in the immediate vicinity of PF was ineffective in elevating
response thresholds (Harte et al., 2004).

Effects of Intra-rACC NMDA on Response Thresholds
Microinjection of NMDA into the rACC following completion of their normal testing
sequence. As shown in Figure 7, intra-rACC NMDA (1 µg/side) elevated VDS and VAD
thresholds above baseline levels, ts > 2.57, ps < 0.05. SMR threshold was not affected by
administration of NMDA into the rACC, t(11) = 1.66, p > 0.05.

Analysis of Testing Effects and Tolerance
The effects of multiple test sessions on response thresholds are shown in Figure 8. Multiple
testing sessions did not alter baseline responding (Figure 8A). Comparison of thresholds
following vehicle treatment (rACC/saline + PF/saline) from the beginning (First Injection)
and the end (Last Injection) of the testing sequence revealed no differences in baseline
responding, ts < 1.69, ps > 0.05. Increases in response thresholds produced by agonist
treatments (rACC/saline + PF/morphine; rACC/saline + PF/carbachol) also were not
affected by multiple test sessions. Response thresholds following morphine (Figure 8B) and
carbachol (Figure 8C) administration attained at the beginning of the testing sequence did
not differ from those following agonist administration at the end of the testing sequence, ts <
1.69, ps > 0.05.

Therefore, elevations in response thresholds do not reflect the deleterious effects possible
with multiple test sessions and microinjections, including the development of stress-induced
analgesia/hyperalgesia and excessive neuronal damage. Furthermore, the finding that
morphine- and carbachol-induced increases in response thresholds did not differ when
assessed at the beginning and end of the testing sequence demonstrates that tolerance did not
develop following repeated PF microinjections of morphine or carbachol.

Discussion
The present study provides the first behavioral evidence of a functional interaction between
the medial thalamus and rACC in the modulation of pain affect. As described earlier, VADs
are a validated rodent model of pain affect. Consistent with our earlier reports,
administration of morphine or carbachol into PF preferentially elevated VAD threshold
(Harte et al., 2000; Harte et al., 2004). Increases in VAD and VDS thresholds produced by
PF-morphine treatment were blocked in a dose-dependent manner by administration of AP-5
or CNQX into the Cg1 region of the rACC. Therefore, glutamatergic neurotransmission in
rACC is critical for the expression of antinociception produced by PF-morphine
administration. The observation that direct stimulation of rACC by NMDA also
preferentially increased VAD threshold supports this conclusion. Alternately, increases in
vocalization thresholds generated by administration of carbachol into PF were unaffected by
injection of AP-5 or CNQX into rACC.

Our earlier work demonstrated that elevations in vocalization thresholds reflect the action of
morphine and carbachol at μ-opioid and muscarinic acetylcholine receptors within PF,
respectively (Harte et al., 2000; Harte et al., 2004). In the present study, morphine and
carbachol injections outside the PF produced significantly smaller increases in vocalization
thresholds. This finding is also consistent with our previous reports and demonstrates that
increases in vocalization thresholds reflect the action of morphine and carbachol within PF.

Also consistent with our previous report, administration of morphine into PF failed to
elevate SMR threshold. However, the slight increase in SMR threshold following carbachol
administration into PF is inconsistent with our earlier findings. This increase in SMR
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threshold may reflect induction of a motor deficit as reflected in the increased latency of
SMRs at threshold. The capacity of the monitored performance variables to detect drug-
induced motor deficits that confound threshold measurement was previously demonstrated
(Borszcz et al., 1994). In our earlier report, no increase in SMR threshold was observed
following administration of the same dose of carbachol into PF and no change in SMR
performance was observed. The failure to increase SMR threshold does not reflect the
resistance of this response to antinociceptive treatments as we previously demonstrated
significant increases in SMR threshold following administration of morphine into other sites
within the neuraxis (Borszcz, 1995a; Borszcz et al., 1996). Similarly, motor deficits may
contribute to carbachol-induced increase in VDS threshold as VDS duration at threshold was
reduced. However, we previously observed that injection of the same dose of carbachol into
PF increased VDS threshold without altering performance. We therefore conclude that
administration of morphine and carbachol into PF preferentially suppresses nociceptive
processing at supraspinal levels of the neuraxis.

Administration of morphine into PF suppresses the response of nociceptive neurons to
noxious stimulation and activates non-nociceptive neurons in PF (Dafny and Gildenberg,
1984; Prieto-Gomez et al., 1989). We hypothesize that the latter set of PF neurons are
glutamatergic and project preferentially to the rACC thereby activating antinociceptive
projections from the rACC. Findings that systemically administered morphine facilitate
glutamatergic transmission from PF to rACC supports this hypothesis (Yang et al., 2006).
Furthermore, nociceptive responsive neurons in PF are hypothesized to project preferentially
to the cACC and thereby contribute to the processing of pain affect. Therefore, morphine in
PF suppresses pain transmission by activating antinociceptive projections from the rACC
and blocking the throughput of nociceptive transmission to the cACC.

The preferential increase in VAD threshold over VDS threshold following injection of
morphine into PF or NMDA into rACC is postulated to reflect activation of antinociceptive
projections from the ventrolateral periaqueductal gray (vPAG). Activation of the rACC
results in the release of met-enkephalin from interneurons in vPAG. Hardy and Haigler
(1985) reported that vPAG neurons were modulated by rACC stimulation, and these effects
were mimicked by the microiontophoretic application of the μ-opioid receptor agonist met-
enkephalin into vPAG. These investigators posited that stimulation of the rACC either
directly activates antinociceptive projections from the vPAG or indirectly activates these
vPAG projections via inhibition of tonically active intrinsic inhibitory interneurons
(Behbehani, 1995). Consistent with this hypothesis, human neuroimaging studies revealed
that opioid analgesia and placebo analgesia covary with activation of the rACC and PAG
(Petrovic et al., 2002; Bingel et al., 2006), and a recent functional connectivity MRI study
revealed an intrinsic connection between rACC and vPAG (Kong et al., 2010). Conversely,
vPAG lesions block the suppression of pain affect in rats produced by rACC stimulation
(LaBuda and Fuchs, 2005).

In a series of studies, we demonstrated that increasing the level of μ-opioid receptor
activation in vPAG, via microinjection of increasing doses of morphine into vPAG, results
in progressive increases in VAD, VDS, and SMR thresholds that are mediated by successive
recruitment of antinociceptive projections from vPAG to the limbic forebrain, medulla and
spinal dorsal horn (Borszcz et al., 1996; Borszcz, 1999; Borszcz and Streltsov, 2000). In the
present study, administration of morphine into PF or NMDA into rACC presumably evokes
the release of met-enkephalin within vPAG that activates antinociceptive projections to the
forebrain and medulla. These antinociceptive projections suppress nociceptive processing in
limbic forebrain sites (cACC, PF, amygdaloid central nucleus) that contribute to the
production of VADs, and to medullary sites (nucleus reticularis gigantocellularis) that
contribute to generation of VDSs (Borszcz, 1999). Increases in VAD threshold also reflect
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the engagement of descending projections of the vPAG to the medulla that suppresses the
throughput of nociceptive transmission to forebrain sites responsible for generating VADs.
The dual inhibition of nociceptive processing at medullary and forebrain levels could
account for the greater effect of PF administered morphine and rACC administered NMDA
on VAD versus VDS thresholds (Borszcz, 1999). Consistent with this interpretation is our
recent observation that increases in vocalization thresholds generated by morphine
administered into PF is blocked by inactivation of the vPAG (Munn et al., 2009).

It is well established that opiate activation of vPAG engages spinopetal projections that
suppress pain transmission at the level of the spinal dorsal horn, and inhibit spinally
organized withdrawal reflexes (see review Milan, 2002). If PF administered morphine
produces antinociception through activation of rACC projections to vPAG, then it might be
expected that noxious evoked withdrawal reflexes would be suppressed. Although we did
not observe an increase in SMR threshold following PF administered morphine, Hardy
(1985) reported that electrical stimulation of rACC elevated tail flick latencies from a heated
water bath. Additionally, electrical stimulation of rACC was shown to inhibit noxious-
evoked neural activity in the spinal dorsal horn (Senapati et al., 2005). Our failure to observe
elevation of SMR threshold following administration of morphine into PF or NMDA into
rACC may reflect insufficient activation of the vPAG. As noted above, we previously
demonstrated that a greater level of opiate-mediated activation of vPAG is required to
engage spinopetal antinociceptive projections compared to antinociceptive projections that
inhibit nociceptive processing at medullary and forebrain levels (Borszcz et al., 1996;
Borszcz, 1999; Borszcz and Streltsov, 2000).

In addition to glutamate’s involvement in engaging antinociceptive mechanisms in the rACC
that suppress pain affect, it may also contribute to the processing of pain affect by the
cACC. Administration of the NMDA receptor antagonist MK-801 into cACC reduced
autotomy generated by sciatic nerve denervation (López-Avila et al., 2004), and allodynia
generated by sciatic nerve injury is accompanied by elevated efflux of glutamate in cACC
(Niikura et al., 2010). These results are consistent with our finding that administration of
AP-5 into the cACC produces preferential elevation of VAD threshold similar to that
observed in the present study with administration of NMDA into rACC (Greer et al., 2006).
Therefore, regional differences may exist within the ACC regarding the involvement of
NMDA receptors in antinociceptive versus pronociceptive processes.

The rACC may contribute to an endogenous antinociceptive system that is activated by
noxious stimulation and functions to modulate subsequent nociceptive processing. The
rACC is highly interconnected with the cACC (Vogt, 2005), and there is evidence that
nociceptive input to the cACC from PF is relayed to rACC. Cho et al. (2003) used
differential regression analysis coupled with fMRI to investigate the dynamic responses of
the medial thalamus and ACC during peripheral painful thermal stimulation in humans. The
medial thalamus was activated first, the cACC was activated shortly thereafter, and
eventually the rACC was activated. Activation of the rACC through cACC ➔ rACC
projections may only occur if noxious input reaches a certain threshold. rACC activation
required higher temperatures compared to cACC activation, and only occurred when thermal
stimulation produced “stressful pain”. Activation of the rACC by the cACC may reflect
engagement of endogenous antinociceptive mechanisms that provide a compensatory action
following the detection of a noxious stimulus that elicits stress in the individual. The cACC
contributes to processing the affective dimension of nociceptive input and determines the
elicited level of stress. When the level of cACC activation reaches a particular threshold
(i.e., noxious stimulation becomes stressful) it engages the rACC and its antinociceptive
projections.

Harte et al. Page 12

Neuroscience. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Recently, reduced activation of the rACC and its related brainstem structures in response to
noxious peripheral stimulation was correlated with increased pain perception in
fibromyalgia patients (Jensen et al., 2009). Placebo analgesia also engages the rACC-
mediated antinociceptive circuit. Human neuroimaging studies revealed that placebo-
induced increases opioid neurotransmission in rACC and its interconnected subcortical sites
(PAG, nucleus accumbens, amygdala, hypothalamus), were correlated with reductions of
pain-elicited activation of the cACC (Petrovic et al., 2002; Eippert et al., 2009; Zubieta and
Stohler, 2009).

Unlike the results produced by morphine, threshold elevations produced by PF-carbachol
treatment were not blocked by administration of AP-5 or CNQX into the rACC. Therefore,
the antinociceptive effects generated by PF-carbachol treatment do not rely on glutamate
receptors in rACC. Given that noxious-evoked neural activity in PF is attenuated following
the intraventricular administration of acetylcholine (Zhao et al., 1988), it is likely that intra-
PF administered carbachol suppresses noxious-evoked activity in PF. Thereby, intra-PF
administered carbachol, like intra-PF administered morphine, may suppress transmission of
noxious stimulation to cACC and inhibit processing of pain affect and production of VADs.
Carbachol may also activate non-nociceptive neurons in PF that project to neurons in vPAG
(Sakata et al., 1988) that provide projections to the medulla (Sakata et al., 1989). These
descending projections may inhibit processing by medullary neurons that underlie
production of VDSs and suppress nociceptive throughput to forebrain sites responsible for
production of VADs. As a result, intra-PF carbachol would also elevate VAD threshold
greater than VDS threshold, but these increases in thresholds would not involve glutamate
activation of rACC.

The present results add to an accumulating literature that supports the existence of
mesolimbic circuits that preferentially suppress pain affect by inhibiting nociceptive
transmission principally within the brain. We demonstrated that increases in VAD threshold
produced by injection of morphine into vPAG relies on the interaction between PF and
amygdaloid central nucleus (Borszcz and Streltsov, 2000). The present study demonstrates
that the increase in VAD threshold generated by injection of morphine into PF is mediated
by glutamatergic activation of rACC neurons that presumably engage antinociceptive
projections of the vPAG. Antinociception elicited from other limbic forebrain sites
(habenula, amygdala, nucleus accumbens) are also mediated via projections to vPAG (Yu
and Han, 1990; Ma et al., 1992a; Pavlovic et al., 1996), and reciprocal interactions between
vPAG and forebrain sites are critical for the antinociception elicited from the vPAG (Ma et
al., 1992b; Borszcz, 1999; Borszcz and Streltsov, 2000). Further understanding of brain
circuits that contribute to suppression of nociceptive processing principally at supraspinal
levels will provide insight into mechanisms that suppress affective responding to pain. As
the affective response to pain underlies the suffering and disability associated with pain and
contributes to development of secondary emotional disturbances (depression, anxiety), an
understanding of these brain antinociceptive circuits is of clinical importance and warrants
additional study.

Abbreviations

PF (nucleus parafascicularis thalami)

rACC (rostral anterior cingulate cortex)

cACC (caudal anterior cingulate cortex)

VAD (vocalization afterdischarge)
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VDS (vocalizations during shock)

SMR (spinal motor reflex)

AP-5 (D-2-amino-5-phosphonovalerate)

CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione disodium)
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Figure 1.
Effects of bilateral administration of (A) AP-5 and (B) CNQX into the rostral anterior
cingulate cortex (rACC) on increases in response thresholds produced by 5µg/side morphine
(mrp) administered into the parafascicular nucleus (PF). Data are plotted as the mean (+/−
S.E.M.) threshold of spinal motor reflexes (SMRs), vocalizations during shock (VDSs), and
vocalization afterdischarges (VADs). Asterisk (*) indicates thresholds significantly elevated
above rACC/saline (sal) + PF/sal treatment (p < 0.05). Pound sign (#) indicates thresholds
significantly reduced compared to rACC/sal + PF/mrp treatment (p < 0.05).

Harte et al. Page 20

Neuroscience. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of bilateral administration of (A) AP-5 and (B) CNQX into the rostral anterior
cingulate cortex (rACC) on increases in response thresholds produced by 2 µg/side
carbachol (crb) administered into the parafascicular nucleus (PF). Data are plotted as the
mean (+/− S.E.M.) threshold of spinal motor reflexes (SMRs), vocalizations during shock
(VDSs), and vocalization afterdischarges (VADs). Asterisk (*) indicates thresholds
significantly elevated above rACC/saline (sal) + PF/sal treatment (p < 0.05).
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Figure 3.
Selected injection sites in and around (A) rostral anterior cingulate cortex (rACC) and (B)
parafascicular nucleus (PF). Blue squares = bilateral morphine injection sites in PF that were
effective in elevating response thresholds, and corresponding bilateral injection sites of
AP-5 and CNQX in rACC that were effective in reducing increases in response thresholds
produced by PF-morphine treatment. Red triangles = morphine injections into areas dorsal
or ventral to PF (extra-PF). Yellow circles = injection sites of AP-5 and CNQX located
lateral or ventral to the Cg1 region of the rACC (extra-rACC). Coordinates are in
millimeters from bregma. Schematics were derived from the rat brain atlas of Paxinos and
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Watson (1998). Inset: Photograph of a rat with two bilateral cannulae targeting the rACC
and PF.
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Figure 4.
Response thresholds following morphine (5 µg/side) administered into the parafascicular
nucleus (PF) and antagonist administered into sites outside the anatomical boundaries of the
Cg1 region of the rostral anterior cingulate cortex (extra-rACC). Thresholds following
morphine (mrp) administration into PF were compared to those obtained following AP-5 or
CNQX administration into extra-rACC sites. Data are plotted as the mean (+/− S.E.M.)
threshold of spinal motor reflexes (SMRs), vocalizations during shock (VDSs), and
vocalization afterdischarges (VADs). Asterisk (*) indicates thresholds significantly elevated
above extra-rACC/saline (sal) + PF/sal treatment (p < 0.05).
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Figure 5.
Response thresholds following bilateral morphine (5 µg/side) administered into sites outside
the anatomical boundaries of the parafascicular nucleus (extra-PF). Thresholds following
morphine (mrp) administration were compared to those attained following saline (sal)
administration into the rostral anterior cingulate cortex (rACC) and PF. Data are plotted as
the mean (+/− S.E.M.) threshold of spinal motor reflexes (SMRs), vocalizations during
shock (VDSs), and vocalization afterdischarges (VADs). Asterisk (*) indicates thresholds
significantly elevated above rACC/sal + PF/sal treatment (p < 0.05). Pound sign (#)
indicates thresholds significantly lower compared to rACC/sal + PF/mrp treatment (p <
0.05).
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Figure 6.
Selected injection sites in and around (A) rostral anterior cingulate cortex (rACC) and (B)
parafascicular nucleus (PF). Blue squares = carbachol injection sites in PF that were
effective in elevating response thresholds, and corresponding injection sites of AP-5 and
CNQX in rACC that failed to reduce increases in response thresholds produced by PF-
carbachol treatment. Red triangles = injections of carbachol into areas outside the
boundaries of PF (extra-PF). Coordinates are in millimeters from bregma. Schematics were
derived from the rat brain atlas of Paxinos and Watson (1998). (C) Photomicrographs of
representative microinjections (arrows) into rACC and PF. Both sites received bilateral
injections.
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Figure 7.
Effects of bilateral administration of NMDA (1 µg/side) into the rostral anterior cingulate
cortex (rACC). Thresholds following intra-rACC NMDA administration were compared to
those attained following saline (sal) administered into rACC and nucleus parafascicularis
(PF). Data are plotted as the mean (+/− S.E.M.) threshold of spinal motor reflexes (SMRs),
vocalizations during shock (VDSs), and vocalization afterdischarges (VADs). Asterisk (*)
indicates thresholds significantly elevated above rACC/sal + PF/sal treatment (p < 0.05).
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Figure 8.
Effects of multiple test sessions on response thresholds. Response thresholds from the
beginning (First Injection) and the end (Last Injection) of the testing sequence were
compared following administration of (A) saline (sal), (B) 5 µg/side morphine (mrp), and
(C) 2 µg/side carbachol (crb) into the rostral anterior cingulate cortex (rACC) and
parafascicular nucleus (PF). Data are plotted as the mean (+/− S.E.M.) threshold of spinal
motor reflexes (SMRs), vocalizations during shock (VDSs), and vocalization afterdischarges
(VADs).
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