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Abstract
Background—Sensorimotor gating, as measured by prepulse inhibition of the startle reflex, is
deficient in schizophrenia patients, and in rats after specific manipulations of limbic cortico–striato–
pallido–thalamic circuitry. For example, prepulse inhibition in rats is disrupted after D1 blockade in
the medial prefrontal cortex, and after N-methyl-D-aspartate infusion into the ventral hippocampus.
In the present study, we examined whether these two substrates form part of an integrated circuit
regulating sensorimotor gating, which might contribute to the loss of prepulse inhibition in patient
populations.

Methods—Prepulse inhibition was assessed in male Sprague–Dawley rats after systemic or intra-
medial prefrontal cortex administration of the D1 antagonist, SCH 23390. Separate rats received
intra-medial prefrontal cortex infusion of the retrograde transported label Fluoro-Gold. In rats with
sham or electrolytic lesions of the medial prefrontal cortex, pre-pulse inhibition was tested after
infusion of N-methyl-D-aspartate or vehicle into ventral hippocampus regions that were determined
to send projections to the medial prefrontal cortex.

Results—Prepulse inhibition was disrupted after systemic SCH 23390 treatment and after infusion
of SCH 23390 into medial prefrontal cortex sites within the prelimbic and cingulate cortices. Fluoro-
Gold infusion into these medial prefrontal cortex sites labeled cells in the ventral hippocampus
complex, including regions CA1 and entorhinal cortex. N-methyl-D-aspartate infusions into these
ventral hippocampus regions disrupted prepulse inhibition in rats after sham but not electrolytic
lesions of the medial prefrontal cortex.

Conclusions—Prepulse inhibition appears to be regulated by interacting substrates within the
ventral hippocampus and MPFC. Specifically, NMDA activation of the ventral hippocampus appears
to disrupt prepulse inhibition in a manner that is dependent on the integrity of infralimbic or cingulate
cortical regions that also support a D1-mediated regulation of pre-pulse inhibition. Conceivably,
dysfunction within these hippocampal-frontal circuits may contribute to sensorimotor gating deficits
in schizophrenia.
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“Prepulse inhibition” (PPI) is the normal suppression of startle when the startling stimulus is
preceded by a weak prestimulus (Graham, 1975). This automatic inhibition of a motor reflex
by a weak sensory event is an operational measure of sensorimotor gating, that is impaired in
a number of neuropsychiatric disorders, including schizophrenia (cf. Braff et al., 2001).
Because PPI can be studied in virtually all mammalian species, substantial effort has been
directed toward identifying the neural circuit regulation of PPI in laboratory animals, as a way
to understand the neural basis for deficient sensorimotor gating in schizophrenia and other
disorders (Swerdlow et al., 1992, 2000a, 2001a; Koch and Schnitzler, 1997).

Hippocampal abnormalities in schizophrenia have been identified by many groups (Benes,
1999; Bogerts et al., 1985; Razi et al., 1999; Seidman et al., 1999; Shenton et al., 1992; Stefanis
et al., 1999; Velakoulis et al., 1999). Reduced hippocampal volume and an enlarged
hippocampal fissure may even be present at the onset of the illness (Smith et al., 2003).
Conceivably, hippocampal abnormalities in schizophrenia might give rise to PPI deficits in
this disorder, as substantial evidence suggests that the ventral hippocampus (VH) regulates PPI
in rodents (cf. Swerdlow et al., 2001a). For example, we reported PPI deficits in rats after intra-
VH infusion of carbachol (Swerdlow et al., 1992) or of N-methyl-D-aspartate (NMDA) (Wan
et al., 1996). Within the hippocampal complex, the PPI-disruptive effects of NMDA are limited
to the ventral portions, with perhaps the most potent effects seen within the entorhinal cortex
(Swerdlow et al., 2001b); they are reversed by co-infusion of the NMDA antagonist amino-5-
phosphonopentanoate, though not by systemic pretreatment with the D2 antagonist,
haloperidol, or by blockade of non-NMDA glutamatergic receptors in the NAC core or shell
(Wan et al., 1996).

Our working hypothesis had been that reduced PPI after NMDA activation of the VH was
mediated via efferents leaving the hippocampal complex through the fornix (FX) to the nucleus
accumbens (NAC) (Brog et al., 1998; Finch et al., 1995; Groenewegen et al., 1987; Kelley and
Domesick, 1982; Totterdell and Meredith, 1997). This model was based on three pieces of
evidence: 1) the NAC potently regulates PPI (cf. Swerdlow et al., 2001a); 2) VH NMDA
infusion stimulates NAC cFOS activation (Klarner et al., 1998), and 3) locomotor activation
after VH NMDA infusion is mediated via VH-NAC projections (Mogensen and Nielsen,
1984). However, contrary to this prediction, fornix transection did not interfere with the PPI-
disruptive effects of intra-VH NMDA infusion (Swerdlow et al., 2004b).

The persistent influence of the VH on PPI after fornix transection suggests that this influence
is mediated via information exiting the hippocampal complex via a nonfornical route. One such
route in primates passes first to the entorhinal cortex, and then rostrally, to the frontal and
prefrontal cortices (Friedman et al., 2002); in rodents, frontal projections from the entorhinal
cortex traverse via several nonfornical routes, including via tracts lateral to the ventricles, the
angular bundle and the cingulum (Sorensen, 1985). Conceivably, changes within this
projection might impact PPI via substrates in the medial prefrontal cortex (MPFC), a region
that is known to regulate PPI via D1 mechanisms (Ellenbroek et al., 1996; Zavitsanou et al.,
1999), in addition to other substrates (Japha and Koch, 1999; Schwabe and Koch, 2004). In
the present study, we confirmed this hypothesis by: 1) identifying regions within the MPFC
that support a D1-mediated regulation of PPI; 2) demonstrating the innervation of these regions
by the VH; and 3) determining that destruction of these MPFC regions blocks the PPI-
disruptive effects of intra-VH NMDA infusion.
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EXPERIMENTAL PROCEDURES
Experimental animals

Adult male Sprague–Dawley rats (225–250 g; Harlan, San Diego, CA, USA) were housed in
groups of two to three and maintained on a reversed 12-h light/dark schedule with ad libitum
food and water. Testing occurred between 09:00 and 17:00 h, during the dark phase. Rats were
handled individually within 2 days of arrival. All surgery occurred between seven and 10 days
after arrival. All efforts were made to minimize animal suffering and reduce the number of
animals used. All experiments were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80–23) and
were approved by the Animal Subjects Committee at the University of California, San Diego
(protocol #S01221). Throughout these studies, all efforts were made to minimize animal
suffering and to reduce the number of animals used.

Surgical preparations
Rats were given 0.1 ml atropine sulfate (Vedco, St. Joseph, MO, USA, 0.054 mg/ml s.c.) 15–
30 min before they were fully anesthetized with sodium pentobarbital (Abbott, North Chicago,
IL, USA, 60.0 mg/kg i.p.) and placed in a Kopf stereotaxic instrument in a flat skull position
(toothbar 3.3 mm below the interaural line). In rats used for MPFC infusion of SCH 23390
(n=17), bilateral 23 gauge cannulae (9 mm) were aimed 1 mm above the MPFC at coordinates:
anterior–posterior (AP) 2.2 (Bregma), lateral (L)±0.8, dorsal–ventral (DV) −4.0, based on
previous reports (Ellenbroek et al., 1996). In rats used for VH NMDA infusions (n=39),
bilateral 23 gauge cannulae (10 mm) were aimed 3 mm above the VH at coordinates: AP −6.0
(Bregma), L ±5.4, DV −8.2, consistent with the outcome of retrograde labeling from Fluoro-
Gold (FG) infusions into the MPFC (below). Cannulae were anchored to the skull with cement
and screws, surrounded by a plastic cap and filled with wire stylets. In 24 rats, bilateral
electrolytic lesions of the MPFC were made by passing a 1.2 mA × 15 s current at coordinates
AP 3.2 (Bregma), L ±0.7, DV −4.2; another 15 rats received sham lesions, consisting of drilling
the skull hole and lowering the electrode to a DV coordinate of −1.5.

Behavioral testing
Each of four startle chambers (SR-LAB, San Diego Instruments, San Diego, CA, USA) was
housed in a sound-attenuated room with a 60 dB(A) ambient noise level, and consisted of a
Plexiglas cylinder 8.2 cm in diameter resting on a 12.5×25.5 cm Plexiglas frame within a
ventilated enclosure. Noise bursts were presented via a speaker mounted 24 cm above the
cylinder. A piezoelectric accelerometer mounted below the Plexiglas frame detected and
transduced motion within the cylinder. The delivery of stimuli was controlled by the SR-LAB
microcomputer and interface assembly which also digitized (0–4095), rectified and recorded
stabilimeter readings, with 100 1-ms readings collected beginning at stimulus onset. Startle
amplitude was defined as the average of the 100 readings. Background noise and all acoustic
stimuli were delivered through one Radio Shack Supertweeter (Ft. Worth, TX, USA, frequency
response predominantly between 5 and 16 kHz) in each chamber.

SCH23390 studies
For studies involving intra-MPFC infusion of SCH 23390, preliminary dose- and stimulus-
finding studies identified a sensitive dose of 3.0 μg/side, consistent with previous reports
(Zavitsanou et al., 1999). Systemic doses were based on our previous findings of PPI-disruptive
effects of systemic SCH 23390 in a paradigm utilizing intense prepulses and variable prepulse
intervals (Swerdlow et al., 2004a). For subsequent studies involving either intra-MPFC (n=17)
or systemic SCH 23390 administration (n=28), to reduce inter-group variability, dose groups
were assigned based on matched PPI from a brief pretest session. For studies of intra-MPFC
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administration, this matching session took place 1 week post-surgery. In this session, rats were
exposed to 5 min of 70 dB background noise followed by 17 “P-ALONE” trials of 40 ms 120
dB noise bursts and three “PREPULSE” trials consisting of a 20 ms 82 dB (12 dB above
background) prepulse followed 100 ms by a 120 dB pulse (onset to onset).

Testing began approximately 3 days later. For intra-MPFC administration of SCH 23390,
stylets were removed from the cannulae and replaced by a 30 gauge 10 mm needle immediately
prior to the test session. SCH 23390 (Sigma Chemical Co., St. Louis, MO, USA) was dissolved
in 0.9% saline. Rats received either active dose infusions (3 μg SCH23390 in 0.5 μl bilaterally)
or saline vehicle infusions, over 84 s using a Hamilton microsyringe connected to the needle
via polyethylene tubing. Needles remained in place for 30 s after the injection, and then were
replaced with stylets. Testing was repeated one week later, with each rat receiving the opposite
dose of SCH 23390 (vehicle or 3 μg/side), to complete a within-subject dose design. Some of
these rats later participated in a study examining the effects of haloperidol on PPI, but these
data are not presented in this report. For systemic administration, SCH 23390 (0, 0.01, 0.03 or
0.1 mg/kg) was administered s.c. in saline vehicle (1 ml/kg), in a between-subject (single test)
design (n=6–8 per dose).

Immediately (intra-MPFC study) or 15 min later (systemic study), rats were placed in the startle
chambers for a 5 min acclimation period with a 70 dB(A) background noise. After this period,
rats were exposed to six trial types: (1) 40 ms–120 dB noise burst (P-ALONE); (2) P-ALONE
preceded 100 ms by a 20 ms noise burst that was either 1, 2, 3, 4 or 5 dB(A) above background
(PP1dB, PP2dB, PP3dB, PP4dB, PP5dB); (3) NOS-TIM trials (stabilimeter recordings
obtained when no stimulus was presented). Trials were presented in pseudorandom order, with
12 repetitions of each trial with a NOSTIM trial between each pulse or prepulse trial. The
session began and ended with three P-ALONE trials to permit the assessment of SCH 23390
effects on startle habituation. The session had a total of 155 trials (78 active trials and 77
NOSTIM trials). NOSTIM trials were used to assess gross motor activity during the test
session, but were not included in the calculation of intertrial intervals, which were variable and
averaged 15 s.

VH NMDA infusions
A matching procedure was used, identical to that described above. Testing began 3 days later.
Immediately prior to the test session, stylets were removed from the cannulae and replaced by
a 30 gauge needle (13 mm). NMDA (Sigma Chemical Co.) was dissolved in 0.9% saline. Rats
received either active dose infusions (0.8 μg NMDA in 0.5 μl bilaterally) or saline vehicle
infusions, over 42 s using a Hamilton microsyringe connected to the needle via polyethylene
tubing. Needles remained in place for 30 s after the injection, and then were replaced with a
stylet. Rats were then placed in the startle chambers for a 5 min acclimation period with a 70
dB(A) background noise. After this period, rats were exposed to nine trial types: (1) 40 ms–
120 dB noise burst (P-ALONE); (2) P-ALONE preceded 100 ms by a 20 ms noise burst that
was either 1, 2, 3, 4, 5, 10, 15 dB(A) above background (PP1dB, PP2dB, PP3dB, PP4dB,
PP5dB, PP10dB, PP15dB); (3) NOSTIM trials (stabilimeter recordings obtained when no
stimulus was presented). The more intense (10 and 15 dB) prepulses were added to this session
after data from SCH 23390 studies suggested that greater group separation could be achieved
with pre-pulses more intense than 5 dB over background. Trials were presented in
pseudorandom order, with eight repetitions of each trial type with a NOSTIM trial between
each pulse or prepulse trial for a total of 128 trials (64 active trials and 64 NOSTIM trials).
Because our previous studies have detected no effects of intra-VH NMDA infusion on startle
habituation (Swerdlow et al., 2001b), extra startle trials were not added to this session.
NOSTIM trials were used to assess gross motor activity during the test session, but were not
included in the calculation of intertrial intervals, which were variable and averaged 15 s. Testing
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was repeated one week later, with each rat receiving the opposite dose of NMDA (vehicle or
0.8 μg/side), to complete a within-subject dose design. Cement cap instability precluded a
second test in two rats (one lesion, one sham). Of the rats included in the final statistical
analyses, none exhibited seizure-like activity during testing, but three of the NMDA infused-
rats exhibited some form of seizure activity within the 2 h after testing.

Anatomy/histology
After completion of behavioral testing, all animals were deeply anesthetized with pentobarbital
and transcardially perfused with a buffered 10% formalin solution. Brains were removed and
kept in the 10% formalin solution plus 30% sucrose for 3 days at 4 °C. Frozen sections (40
μm) were cut on a microtome and mounted on gelatin-coated glass slides and Nissl stained.
To verify cannulae and lesion placement, stained sections were digitally scanned, sized and
oriented in Adobe Photoshop (San Jose, CA, USA; ver. 7.0), then superimposed on
corresponding digitized drawings of a rat stereotaxic atlas (Paxinos and Watson, 1998) in
Adobe Illustrator (ver. 11.0). Injector placements and lesion boundaries were drawn free-hand
in Illustrator from these composite section/atlas images. Lesion damage in the various
subdivisions of the MPFC was calculated using Image-Pro Plus (Media Cybernetics, Silver
Springs, MD, USA). Drawings were completed blind to the behavioral data. Data were
analyzed from all rats that completed testing, for which bilateral injection sites could be
confirmed within the target regions. All MPFC infusion sites were confirmed bilaterally, while
in some animals (n=6 sham, n=7 lesion) VH injection sites could not be confirmed bilaterally,
or were located outside of the VH complex.

To assess the connectivity of the VH and MPFC, other rats received infusions of the retrograde
tracer, hydroxystilbamidine (Molecular Probes, Eugene, OR, USA; 0.25–0.5 μl of 2.5% w/v
in sterile saline) into the MPFC. Hydroxystilbamidine is equivalent to FG, a trademark of
Fluorochrome (Denver, CO, USA). These rats were maintained for 7–10 days before they were
deeply anesthetized with pentobarbital and perfused with a buffered 4% paraformaldehyde
solution. Brains were dissected and cryoprotected in 30% sucrose in the buffered fixative for
3–5 days. Alternate series of 50 μm frozen sections were either mounted on glass slides for
fluorescent microscopy, Nissl stained for conventional histology, or immunoreacted with a
rabbit antibody to Fluorogold (Chemicon, Temecula, CA, USA) and processed with avidin/
biotin diaminobenzidine/Ni histochemistry (Vector Laboratories; Burlingame, CA, USA) to
stabilize the retrograde tracer for conventional light microscopy. Injection sites of
hydroxystilbamidine into the MPFC were confirmed for accurate placement to assure reliable
interpretation of the VH labeling.

Statistics
PPI was defined as 100−[(startle amplitude on prepulse trials/startle amplitude on P-ALONE
trials)×100], and was analyzed by mixed-design analyses of variance (ANOVAs), with specific
comparisons noted for each experiment. For the SCH 23390 dose-response study, significant
main effects of dose were followed by pair-wise ANOVAs of vehicle vs. active dose with
repeated measures on prepulse intensity. Separate analyses were performed using raw startle
magnitude on P-ALONE and prepulse trials, to determine whether changes in percent PPI
reflected a diminished ability of prepulses to inhibit startle. A variable representing the
“impact” of NMDA was calculated to allow correlations of lesion size and behavioral change;
“impact” was defined as the difference between the mean PPI levels (averaged across prepulse
conditions) for the vehicle condition minus drug condition. In this manner, a greater difference
reflected a larger “impact” of the drug in reducing PPI levels. Alpha was 0.05.
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RESULTS
Anatomy/histology

Histological assessment revealed SCH23390 infusion sites within prelimbic and infralimbic
subregions of the MPFC (Fig. 2B). FG infusion sites were confirmed within these same regions
of the MPFC. NMDA infusion sites were distributed within the VH (Fig. 1A, B), primarily
within the ventral CA1, ventral subiculum and entorhinal cortex regions that also demonstrated
the most dense retrograde labeling after intra-MPFC infusions of FG (Fig. 1C). Electrolytic
lesions of the MPFC were confined in the A/P plane between Bregma levels+4.70 and +2.70
(Paxinos and Watson, 1998) and resulted in damage to secondary motor cortex (M2), cingulate
cortex area 1 (Cg1), prelimbic cortex (PrL), and in some rats medial and ventral orbital cortex
(MO/VO) and infralimbic cortex (IL) (Fig. 1D, E). Percent destruction of these subregions
(mean (range)) was: M2 (10.3% (1.6–31.3)); Cg1 (33.0% (5.4–69.7)); PrL (46.8% (10.8–
64.4)); MO/VO (23.7% (0–71.9)); IL (10.7% (0–81.8)).

Behavior
Systemic injection of SCH 23390 resulted in a dose- and intensity-dependent disruption of PPI
(Fig. 2A). ANOVA of PPI revealed a significant main effect of dose (F=3.56, df 3, 24, P<0.03),
a significant effect of prepulse intensity (F=63.57, df 4, 96, P<0.0001), and a significant
dose×intensity interaction (F=6.26, df 12, 96, P<0.0001). Pair-wise ANOVAs revealed that,
compared with vehicle, PPI was significantly reduced by the 0.03 and 0.1 mg/kg doses of SCH
23390 (P<0.002 and 0.015, respectively), with effects being most robust for the most intense
(5 dB over background) prepulses. Inspection of the raw startle magnitude revealed that
reduced PPI at these doses of SCH 23390 reflected the diminished ability of prepulses to reduce
startle magnitude on prepulse+pulse trials (Fig. 2A, inset). There was no significant effect of
SCH 23390 on startle magnitude on P-ALONE trials (F<1).

SCH 23390 infusion into the MPFC resulted in a significant reduction in PPI (Fig. 2B).
ANOVA of PPI revealed significant effects of SCH 23390 dose (F=15.67, df 1, 16, P<0.001)
and prepulse intensity (F=11.34, df 4, 64, P<0.0001), with no significant dose×intensity
interaction (F=1.94, df 4, 64, ns). As with systemic SCH 23390 (above), inspection of the raw
startle magnitude after intra-MPFC infusion of SCH 23390 revealed that reduced PPI reflected
the diminished ability of prepulses to reduce startle magnitude on prepulse+pulse trials (Fig.
2B, inset). There was no significant effect of SCH 23390 on startle magnitude on P-ALONE
trials (F=1.00, df 1, 16, ns).

Collectively, these anatomical and behavioral data demonstrate that a region of the MPFC that
is innervated by the VH potently regulates PPI, and provide an empirical a priori rationale
(together with the theoretical rationale discussed earlier) for assessing the role of this MPFC
region in mediating the PPI-disruptive effects of VH activation. Intra-VH infusion of NMDA
significantly reduced PPI in rats with sham lesions of the MPFC, but not in rats with electrolytic
lesions of the MPFC (Fig. 3). ANOVA revealed a main effect of NMDA dose (F=6.49, df 1,
22, P<0.02) and prepulse intensity (F=46.83, df 6, 132, P<0.0001). There was no significant
effect of lesion (F<1) and only a trend toward a dose×lesion interaction (F=3.44, df 1, 22,
P<0.08). Inspection of the data revealed significant PPI-reducing effects of NMDA in rats with
sham lesions (F=13.63, df 1, 7, P<0.008) but not electrolytic lesions of the MPFC (F<1). This
same pattern of results was obtained if the analyzed sample included rats that were originally
excluded because their VH injector sites could not be confirmed bilaterally in the VH (main
effect of NMDA dose, P<0.005; significant effect in sham (F=9.05, df 1, 13, P=0.01) but not
lesion group rats (ns)). There was some evidence that MPFC lesions selectively blunted the
effects of intra-VH NMDA on PPI, and that MPFC-lesioned rats were not simply insensitive
to all behavioral effects of NMDA: intra-VH NMDA infusion stimulated basal (NOS-TIM)
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motor activity (main effect of NMDA dose: F=8.60, df 1, 22, P<0.008), an effect that was
intact in MPFC lesion group rats (dose×lesion interaction: ns; main effect of dose in MPFC
lesion group: F=9.72, df 1, 15, P<0.007).

The PPI-disruptive effects of intra-VH NMDA infusion were examined in relation to different
anatomical characteristics of MPFC lesions. All MPFC lesions resulted in damage to the PrL,
and to a more limited degree Cg1, between A/P+4.70 and +2.70. Damage to other cortical areas
was inconsistent, and absent among some rats. While primary damage to PrL (and perhaps
Cg1) would appear to be responsible for the observed behavioral effects, the magnitude of the
NMDA-induced reduction in PPI did not correlate significantly with the percent destruction
of any single MPFC subregion, or with the overall lesion size. Other strategies (e.g. comparing
regional lesion size among rats with extreme levels of NMDA effects) also did not identify
damage to any particular MPFC subregion to be associated with the greatest reductions in
NMDA sensitivity.

DISCUSSION
Numerous studies have demonstrated both anatomical connectivity and functional interactions
between the VH complex and the MPFC. Efferent projections from the hippocampus (CA1–
CA2 fields), subiculum and entorhinal cortex form monosynaptic inputs onto pyramidal
neurons and GABAergic interneurons within prelimbic, infralimbic and orbital cortex (Jay and
Witter, 1991; Jay et al., 1992; Condé et al., 1995; Carr and Sesack, 1996; Gabbott et al.,
2002). Evidence from a variety of sources suggests that these excitatory aspartate/glutamate
projections terminate onto AMPA-type receptors, often in apposition with dopamine (DA)-
containing terminals arising from midbrain DA nuclei and terminating on D1 receptors (Carr
and Sesack, 1996). Hippocampal complex projections may arrive at the MPFC via multiple
different pathways (Conde et al., 1995), to converge not only with ascending DAergic fibers
but also with excitatory inputs from the mediodorsal thalamus (Sorensen, 1985; Friedman et
al., 2002; Delatour and Witter, 2002; Floresco and Grace, 2003). It is speculated that this
converging circuitry plays an important role in executive functioning, working memory and
other higher order cognitive processes (Compte et al., 2000). Perhaps more importantly,
pathology in these connections has been implicated in the pathophysiology of schizophrenia,
based on neuroimaging, neuropathological and animal model studies (Lewis et al., 2004).

While no evidence for a direct functional interaction is presented here, the present findings
suggest at least a spatial convergence of hippocampal efferents to the MPFC, and D1 substrates
within the MPFC, both of which regulate sensorimotor gating of startle. Specifically, we report
that: 1) chemical stimulation of the HPC→MPFC projection disrupts PPI; 2) this effect depends
on the integrity of the MPFC terminal regions; and 3) and pharmacologic blockade of D1
receptors in these same terminal regions also disrupts PPI.

It has been proposed, by our investigative group and by others, that the hippocampal regulation
of PPI is mediated via VH efferents to the NAC (Swerdlow et al., 1992, 2001a; Klarner et al.,
1998). At the time, based on existing evidence, this seemed like reasonable conjecture. The
VH is known to project to the NAC and this projection is thought to mediate other VH-
dependent behaviors (Mogensen and Nielsen, 1984). Intra-VH NMDA infusion, which disrupts
PPI, stimulates cFOS activation in the NAC (Klarner et al., 1998). VH lesions in adult rats lead
to an enhanced sensitivity to the PPI-disruptive effects of the DA agonist, apomorphine
(Swerdlow et al., 1995, 2000, 2004) and amphetamine (Caine et al., 2001), drugs that are
thought to regulate PPI at least in part via stimulation of D2 activity in the NAC (cf. Swerdlow
et al., 2001a). Thus, the indirect evidence for this VH→NAC PPI model motivated studies in
pursuit of more direct evidence and a mechanistic explanation.
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But our efforts to understand the neural mechanisms by which such a VH→NAC projection
might regulate PPI have yielded a number of findings that have made this hypothesis
increasingly untenable. First, we and others reported that the PPI-disruptive effects of intra-
VH NMDA infusion are not prevented by D2 blockade, either from the typical antipsychotic
haloperidol (Wan et al., 1996; Bast et al., 2001), or from the atypical antipsychotic clozapine
(Bast et al., 2001, but also see Zhang et al., 2000). Thus, if a VH→NAC projection mediates
this effect, it must do so via non-D2-mediated mechanisms. Second, we reported that these
effects of intra-VH NMDA are not opposed by blockade of NAC AMPA receptors (Wan et
al., 1996), despite the fact that this VH→NAC projection is believed to terminate on non-
NMDA receptors in the NAC (Wan and Swerdlow, 1996a). Most recently, we demonstrated
that the PPI-disruptive effects of intra-VH NMDA persisted after physical disconnection of
the VH and NAC via lesions of the fornix (Swerdlow et al., 2004b). This last finding forced a
reassessment of the role of the VH→NAC projection in the regulation of PPI. Based on these
past findings and those of the present study, one working hypothesis is that the PPI-disruptive
effects of VH activation are mediated via nonfornical projections to the MPFC.

This is not to say that a VH→NAC projection via the fornix does not contribute to the regulation
of PPI, but rather that it is not required for the reduction of PPI observed after acute infusion
of NMDA into the VH. In contrast, the enhanced sensitivity to the PPI-disruptive effects of DA
agonists, observed 4 weeks after lesions of the VH (Swerdlow et al., 1995, 2000, 2004), might
be mediated by mechanisms quite different from those engaged by acute VH stimulation, and
might reasonably be hypothesized to reflect changes in response to destruction of the
VH→NAC projection. Tests of this model are in progress. Similarly, reduced PPI after
excitotoxic lesions of the entorhinal cortex in adult (Goto et al., 2002), but not neonatal rats
(Schmadel et al., 2004), have been proposed to reflect an alteration in NAC DAergic activity
that might conceivably reflect changes resulting from the loss of entorhinal cortical projections
to the NAC (Goto et al., 2004).

Anatomical studies have demonstrated that projections from the ventral hippocampal complex
reach the MPFC via multiple pathways (Rosene and Van Hoesene, 1977; Irle and Markowitsch,
1982; Goldman-Rakic et al., 1984; Barbas and Blatt, 1995; Verwer et al., 1997; Delatour and
Witter, 2002). Thus, not only do MPFC afferents arise from hippocampal fields CA1 and CA2,
ventral subiculum, entorhinal and perirhinal cortex (e.g. Sorensen, 1985; Jay and Witter,
1991; Conde et al., 1995; Insausti et al., 1997; Vann et al., 2000), but these projections may
reach their targets via different routes. Our inability to detect significant correlations between
damage to a specific MPFC subregion and reduced PPI sensitivity to intra-VH NMDA may
reflect the involvement of multiple MPFC subregions in this behavioral response. This would
be consistent with our findings that reduced PPI can result from NMDA infusion into any one
of several regions within the VH complex (Swerdlow et al., 2001b). Alternatively, it is possible
that our lesions lacked adequate variability to permit us to detect the differential involvement
of specific MPFC subregions in this behavioral change.

We do not mean to suggest that the hippocampal regulation of PPI resides entirely within the
VH. We (Caine et al., 1991) and others have reported that various chemical manipulations of
the dorsal hippocampus can impair PPI, although this is not the case for NMDA infusion
(Swerdlow et al., 2001b). Nor do we mean to suggest that the MPFC regulation of PPI
entirely reflects activity within a VH→MPFC projection. The MPFC is innervated by
numerous regions known to contribute to the regulation of PPI, including the basolateral
amygdala (Wan and Swerdlow, 1996b) and the midbrain DA nuclei (Zhang et al., 1995).
Finally, it is very possible that some of the PPI disruptive effects of intra-VH NMDA are
mediated via VH projections via non-fornical, or even fornical routes. The present data suggest
only that the full impact of VH activation on PPI requires the integrity of the MPFC.
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There may be some basis for speculating about the general types of neural interactions within
the MPFC that might account for the changes in PPI observed in the present studies. In the
simplest model of our data, reduced PPI followed both: 1) activation of MPFC AMPA-type
receptors, a result of NMDA stimulating an excitatory VH→MPFC aspartate/glutamate
projection; and 2) a reduction of DAergic activity at MPFC D1 receptors, a result of SCH23390-
induced blockade of MPFC D1 receptors. That the PPI-disruptive effects of intra-VH NMDA
infusion were not evident after MPFC lesions at least tentatively suggests that activation of
MPFC AMPA receptors disrupts PPI by stimulating MPFC efferent projections. Thus, in this
simplest model, both AMPA stimulation and D1 blockade in the MPFC disrupt PPI by
activating descending MPFC projections into some “next level” of PPI-regulatory circuitry.
Presumably, these MPFC efferent projections might involve layer five pyramidal neurons,
which project to portions of the striatum and brainstem, likely “next levels” of this PPI circuitry
(cf. Swerdlow et al., 1992, 2001a; Koch and Schnitzler, 1997). Of course, activation of these
efferents can reflect the impact of AMPA receptor stimulation or D1 receptor blockade on
various populations of MPFC interneurons, such as calretinin-positive GABAergic
interneurons, that might allow for a downstream “disinhibition” of layer five pyramidal cell
projection neurons (cf. Lewis et al., 2004).

How the activation of MPFC efferents leads to a loss of PPI is perhaps not so easily explained.
Our findings suggest that such a process would not involve stimulation of subcortical D2
receptors via activation of mesolimbic DA transmission, as neither the effects of intra-VH
NMDA (Wan et al., 1996) nor those of intra-MPFC SCH 23390 (Crain et al., 2003) are
prevented by systemic D2 blockade with haloperidol. Nor would such a process involve
stimulation of NAC AMPA receptors, as the PPI-disruptive effects of intra-VH NMDA are
not prevented by intra-NAC infusion of CNQX (Wan et al., 1996). One might argue that the
critical MPFC efferents responsible for reduced PPI project not to the ventral tegmental nucleus
or NAC, but instead to the thalamus, via MPFC cells in layer 6. However, reduced PPI follows
thalamic inhibition (Kodsi and Swerdlow, 1997; Swerdlow et al., 2002), which would be
opposite to the effect predicted after activation of excitatory corticothalamic efferents.

The use of electrolytic lesions of the MPFC in the present study does not preclude the possibility
that the critical substrate destroyed by these lesions involved fibers of passage through the
MPFC, rather than cells residing in this region. Such fibers might subserve cortical–cortical
connections, or alternatively, be part of aminergic fibers projecting rostrally to the frontal poles
before extending caudally across the cortical hemispheres. To examine this possibility, we are
presently assessing whether the PPI-disruptive effects of VH NMDA infusion are maintained
or disrupted after fiber-sparing excitotoxic lesions of the MPFC.

While we have no immediate explanation for the neurophysiological basis of reduced PPI after
MPFC activation, the psychophysiological basis is somewhat more clear. After both intra-VH
NMDA infusion and systemic and intra-MPFC D1 blockade, reduced PPI was accompanied
by increases in startle magnitude on prepulse+pulse trials (Figs. 2–3). This pattern of changes
reflects a diminished gating effect of the prepulse on the motor response to the startle stimulus,
i.e. a true loss of sensorimotor gating (Swerdlow et al., 2000). This is the process that has been
speculated to contribute to symptomatology in a number of disorders, including schizophrenia.
Recent findings from our group suggest that deficient PPI in schizophrenia patients is
associated with impairment in neuropsychological and functional measures mediated by the
frontal cortex (Swerdlow et al., 2005). The present findings may provide an initial basis for
studying mechanisms by which dysfunction in VH→MPFC circuits in schizophrenia may lead
to reduced PPI and associated impairments in frontal function in schizophrenia.
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Fig. 1.
(A) Distribution of NMDA infusion sites within the VH complex, primarily within the ventral
CA1, ventral subiculum and entorhinal cortex regions. (B) Example of typical NMDA injection
sites within the VH region that also demonstrated (C) the most dense retrograde labeling after
intra-MPFC infusions of FG. Additional labeling was found to extend from the subiculum to
the pyramidal layer of ventral and caudal portions of CA1; and from the entorhinal cortex to
perirhinal and ectorhinal cortices. (D) Nissl stain of a “representative” MPFC lesion, and
computer reconstruction of smallest (darkest), largest (lightest), and “average” damage
produced by electrolytic lesions of the MPFC.

SHOEMAKER et al. Page 14

Neuroscience. Author manuscript; available in PMC 2006 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
%PPI and raw startle magnitude on pulse alone and prepulse+pulse trials (insets) after: (A)
systemic injection of SCH 23390, and (B) intra-MPFC infusion of the D1 antagonist, SCH
23390. PPI was significantly disrupted by SCH 23390 after either systemic or intra-MPFC
administration. Also shown are SCH 23390 infusion sites within prelimbic and infralimbic
subregions of the MPFC (*) significant reduction in PPI vs. vehicle, P<0.05.
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Fig. 3.
%PPI and startle magnitude on pulse alone and prepulse+pulse trials (inset) after intra-VH
infusion of vehicle or NMDA (0.8 μg/side) in rats after sham or electrolytic lesions of the
MPFC. Intra-VH NMDA significantly reduced PPI in MPFC sham, but not electrolytic lesion
group rats.
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