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Abstract
Background—Sprague Dawley (SD) rats are significantly more sensitive than Long Evans (LE)
rats to the disruption of prepulse inhibition (PPI) by systemically-administered dopamine (DA)
agonists. This strain difference is heritable and insensitive to cross-fostering. Inherited differences
in the ability of elevated DA activity to disrupt PPI may be useful for understanding the neural basis
for PPI deficits in schizophrenia and other neuropsychiatric disorders.

Methods—PPI was tested in male SD and LE rats after amphetamine (AMPH) administered: 1)
subcutaneously (sc), or intracerebrally (ic) into 2) the nucleus accumbens core (NACc; medial or
lateral subregions) or the NAC shell; 3) the anteromedial striatum (AMS) or 4) the posterior striatum
(PS).

Results—SD and LE rats had comparable PPI levels after sc vehicle injection. PPI was disrupted
in SD but not LE rats after sc AMPH injection. LE insensitivity to AMPH was confirmed after sc
injection into non-pigmented dermis, demonstrating that it did not reflect melanocyte sequestration
of AMPH. PPI was also disrupted in SD rats after ic infusion into the NACc (medial core: p<0.005;
lateral core: p<0.001); in LE rats, these effects only approached threshold levels (medial core: p <
0.06; lateral core: p < 0.051). In SD rats, the highest dose of AMPH (40 μg) tended to reduce PPI
after infusion into the AMS or PS, while in LE rats, this dose potentiated PPI after PS infusion.
Comparisons of PPI in SD vs. LE rats revealed significant main effects of strain (SD > LE) after
vehicle infusions into the NACc subregions and the PS. Comparisons of pre-infusion “matching”
data, data from the first infusion day, and data from separate rats in a “mock-infusion” paradigm is
consistent with the possibility that SD > LE PPI after ic vehicle infusion reflects the impact of restraint
stress on PPI in LE rats.

Conclusions—PPI is disrupted by AMPH administered sc or into the NACc in SD but not LE rats.
Reduced PPI after ic vehicle infusion in LE vs. SD rats may reflect greater PPI-reducing effects of
restraint stress in LE rats. The differential impact of restraint on PPI in SD vs. LE rats complicates
the interpretation of strain differences in the effects of ic manipulations, but may provide an avenue
for investigating the basis for differences in vulnerability to the gating-disruptive effects of stress.
Supported by MH68366, MH01436.

Introduction
There is compelling evidence that a vulnerability for developing schizophrenia can be inherited
(cf. Harrison & Weinberger 2005;Sullivan 2005). While this vulnerability is conveyed via
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genes, it must ultimately be mediated via changes in brain circuitry. Significant effort is being
put towards identifying these vulnerability genes through the use of endophenotypes (Calkins
et al. 2007;Turetsky et al. 2007;Swerdlow et al. 2007), and models are also being used to study
the neural circuit basis of specific abnormal physiological processes in schizophrenia (Kumari
et al. 2003).

One useful endophenotype may be deficient prepulse inhibition (PPI) of the startle reflex
(Graham 1975). Normally, startle to an abrupt, intense stimulus is inhibited when the startling
stimulus is preceded 30-500 msec earlier by a weak prepulse. PPI is deficient in schizophrenia
patients and their unaffected first degree relatives (Braff et al. 1978,2001;Cadenhead et al.
2000;Kumari et al. 2005). Thus, deficient PPI may be a useful endophenotype for inherited
forms of schizophrenia. There is a close convergence between our understanding of the
neuropathology of schizophrenia, and the neural substrates that regulate PPI (cf. Swerdlow et
al. 2000). Thus, PPI may facilitate studies that ultimately identify mechanisms by which
pathological genes modify a specific neural substrate responsible for a loss of sensorimotor
gating.

Animal studies have begun to focus on the genetics of brain substrates that regulate PPI
(Arguello and Gogos 2006;Petryshen et al. 2005;Shilling et al. 2006;Swerdlow et al. 2006a).
For example, there are heritable differences in the dopaminergic regulation of PPI in both mice
(Ralph & Caine 2005) and rats (Swerdlow etal. 2004c). Pertinent to the preset studies, albino
Sprague Dawley rats from Harlan Laboratories (SD) are significantly more sensitive to the
PPI-disruptive effects of dopamine (DA) agonists (e.g. amphetamine: AMPH), compared to
hooded Long Evans rats from Harlan Laboratories (LE) (Swerdlow et al. 2003a,2004a,b,c).
These differences are innate (Swerdlow et al. 2004a,c) and neurochemically specific
(Swerdlow et al. 2003,2004b), follow relatively simple inheritance patterns (Swerdlow et al.
2003a,2004c), cannot be explained by differences in maternal behavior (Swerdlow et al.
2004a), and appear to be linked to the inheritance of coat pigmentation (Swerdlow et al.
2004c, 2006) and DA-linked G-protein function (Swerdlow et al. 2006a).

PPI is known to be disrupted in SD rats after direct intracerebral AMPH infusion into the
nucleus accumbens (Wan et al. 1995;Wan & Swerdlow 1996). This effect is opposed by
systemic injection of the D2 antagonist, haloperidol, by intra-NAC depletion of DA and by
intra-NAC infusion of the AMPA antagonist, CNQX (Wan et al. 1995;Wan & Swerdlow
1996). Additional forebrain regions may participate in the PPI-disruptive effects of DA
agonists, including the anteromedial striatum (AMS) and posterior caudate nucleus (PS)
(Swerdlow et al. 1986,1992;Hart et al. 1998). In fact, our attempts to localize the forebrain
substrates that mediate the PPI-disruptive effects of systemically-administered DA agonists
led us to conclude that the these effects are mediated instead by the integrated action of multiple
DA terminal fields (Hart et al. 1998). In the case of the medial prefrontal cortex (MPFC) and
basolateral amygdala (BLA), the most convincing evidence for a role in the dopaminergic
regulation of PPI comes from the effects of intracerebral infusion of DA antagonists: intra-
MPFC infusion of D1 antagonists in albino rats disrupt PPI (Ellenbroek et al. 1996;Shoemaker
et al. 2006), while in LE rats, intra-BLA infusion of D2 antagonists disrupt PPI, and intra-BLA
infusion of D1 antagonists potentiate PPI (Stevenson & Gratton 2003).

Systemically administered DA agonists can both increase and decrease PPI, at different
stimulus conditions and doses; such effects have been reported with both direct and indirect
DA agonists (Swerdlow et al. 2001, 2003b;Martin-Iverson & Else 2000). Thus, strain
differences in sensitivity to the PPI-disruptive effects of DA agonists in SD vs. LE rats might
reflect: 1) greater sensitivity to the PPI-disruptive effects of DA agonists in SD rats; 2) greater
sensitivity to the PPI-potentiating effects of DA agonists in LE rats; or 3) some combination
of the two patterns. To the degree that these opposing effects of DA agonists on PPI are
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anatomically separable, they might be more easily understood via studies using regional
intracerebral drug infusion, compared to those using systemic drug administration.

The present studies were thus designed to further our understanding of the neural basis for
heritable differences in PPI “disruptability” by AMPH, by assessing the regional localization
of strain differences in the PPI-disruptive effects of intracerebral AMPH infusion.

Methods
Adult male rats (225-250 g; Harlan Laboratories: Sprague Dawley - San Diego; Long Evans -
Indianapolis) were maintained on a reversed light/dark schedule, and handled regularly
throughout testing. Testing occurred during the dark phase. Rats were handled within 2 d of
arrival. Surgery occurred between 7-10 d after arrival. All experiments were carried out in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) and were approved by the UCSD Animal Subjects
Committee (protocol #S01221).

For surgery, rats received 0.1 ml atropine sulfate (Vedco, .054 mg/ml sc) 15-30 min before
being anesthetized with sodium pentobarbital (Abbott, 60.0 mg/kg ip) and placed in a Kopf
stereotaxic instrument (tooth bar at -3.3 mm except for posterior striatum (PS), for which tooth
bar was at + 5.0 mm). Bilateral 23 ga cannulae (10 mm) were aimed at specific target sites in
the nucleus accumbens core (NACc), NAC shell (NACs), anteromedial striatum (AMS) or
posterior striatum (PS), anchored to skull with screws and cement, and filled with wire stylets
(see Figure 1 for coordinates).

Startle chambers were housed in a sound-attenuated room, 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. Stimulus delivery 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.

Intra-cerebral AMPH dose groups (0, 10, 20, 40μg/ .5μl/side) were assigned based on PPI from
a brief matching session 1 wk post-surgery. Testing began 2-5 d later for a total of 4 test days
in a within-subject, pseudo-random balanced dose order design, with approx 2-4 d between
tests.

Before the test session, stylets were removed and replaced by a 30 gauge needle (13 mm).
AMPH was infused at a rate of .5μl over 42 s. Injectors remained in place for 30 s post-infusion,
and then were replaced with a stylet. Rats were immediately placed in the startle chambers for
a 5 min acclimation period with a 70 dB(A) background noise, and then were exposed to a
series of trial types: (1) 40ms - 120 dB noise burst (P-ALONE);(2) P-ALONE preceded 100
ms (onset-to-onset) by a 20 ms noise burst that was either 3, 5 or 10, dB(A) above background;
(3) trials in which no stimulus was presented, but motor activity was measured (NOSTIM
trials). In total, each session included 23 P-ALONE trials, 10 trials of each type of prepulse
+P-ALONE, and 53 NOSTIM trials. The session began with 4 consecutive P-ALONE trials
and ended with 3 consecutive P-ALONE trials; between these trials were two blocks, each
consisting of 8 P-ALONE trials and 5 trials of each prepulse+P-ALONE trial type. The
NOSTIM trials were interspersed throughout the session. Trials were presented in
pseudorandom order; intertrial intervals were variable and averaged 15 s. NOSTIM trials were
not included in the calculation of inter-trial intervals. Total session duration was 19 min.
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Additional SD (n=13) and LE rats (n=13) were tested in an identical session, 10 min after sc
injection into the nape of the neck of saline or AMPH (1.5, 3.0 and 4.5 mg/kg), in a within-
subject design, with tests separated by 4 days. In a separate group of SD and LE rats (n=35),
PPI was tested after sc injection of saline or AMPH(3.0 or 4.5 mg/kg) into the dermis over the
abdomen, which is unpigmented in LE rats (Figure 2); this test used a single session in a
between-subject dose design.

To mimic the stress associated with the intracerebral infusion process, a “mock-infusion” test
was done. SD (n=24) and LE rats (n=24) were divided into equal groups of mock-infused and
control groups (based on %PPI from the same matching session that was used for AMPH
infusion studies). The mock-infused rats were treated exactly how surgery rats would have
been infused without the actual surgery (and therefore, injector and stylet placement). Rats
were lightly restrained by holding them in the manner typically used for ic infusions for
approximately 60 sec, while touching the top of their heads. Pumps and timers were run
according to normal ic infusion procedures. Rats were then placed into the startle boxes. The
control group was taken directly from a sound insulated room, without exposure to extra
handling or other stimuli associated with ic infusions, and placed into the startle boxes. The
startle test session was identical to that used for studies with ic AMPH infusion

To produce an F1 (SD × LE) generation, SD and LE rats were reciprocally crossed (SD male
× LE female; LE male × SD female). Pregnant female LE and SD rats were housed individually.
Rats were weaned on post-natal day 21 into same sex cages of 2 - 3 and allowed to mature to
adulthood, were handled regularly beginning at day 50 and were implanted with medial NAC
core cannulae (as above) after day 60. Aside from the strain of the nursing female rat, rearing
conditions for all F1 pups were comparable. Surgery and PPI testing for male F1 rats (n= 11)
was done contemporaneously with a group of SD and LE rats.

PPI was defined as 100-[(startle amplitude on prepulse trials / startle amplitude on P-ALONE
trials) × 100], and was analyzed by mixed design ANOVAs. In every analysis of PPI, there
was a highly significant effect of prepulse intensity, and in no case did prepulse intensity
interact with strain and AMPH dose in a manner that influenced the interpretation of the data.
For this reason, and given the large number of statistical analyses described in the Results
section, these main effects of intensity and interaction effects are not reported. Separate
analyses were performed using raw startle magnitude on P-ALONE and prepulse trials, to
determine whether changes in % PPI reflected a diminished ability of prepulses to inhibit
startle; these confirmatory analyses are described in the figure legends. Post-hoc comparisons
were conducted using Fisher’s PLSD. Due to the within-subject design of the study, rat data
were analyzed from rats that completed all 4 tests with intracerebral drug infusion; one rat was
excluded from analysis due to negligible startle magnitude. Alpha was 0.05.

After testing was completed, rats were sacrificed by pentobarbital overdose, and perfused
transcardially with a saline / formalin solution. To verify cannula placement, 40μ brain tissue
sections were mounted on gelatin-coated glass slides and Nissl stained; injector placements
were drawn free-hand on the computer.

Results
Experiment 1. Validating the model: Effects of subcutaneous AMPH on PPI in SD and LE rats

%PPI was disrupted by AMPH in SD but not LE rats after subcutaneous injection. This strain
difference was evident after injection into either the nape of the neck or the skin overlying the
abdomen (Figure 3). In rats tested after sc injections into the nape of the neck, ANOVA revealed
no significant main effect of strain (F=3.57, df 1,24, ns), a significant effect of AMPH dose
(F=7.95, df 3,72, p<0.0001), and a significant interaction of strain × dose (F=3.03, df 3,72,
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p<0.04). There was also a significant 3-way interaction of strain × dose × prepulse intensity
(F=3.88, df 6,144, p<0.002). Post-hoc comparisons confirmed significant PPI-reducing effects
AMPH in SD rats (p<0.0005) but not in LE rats. Based on reports that large amounts of AMPH
can be sequestered into pigmented (but not unpigmented) melanocytes (Borges et al. 2002),
which are present in the pigmented regions in the nape of the neck in LE but not SD rats, we
reassessed this strain difference after sc injection into non-pigmented skin over the abdomen
in LE rats vs. the same region in SD rats. ANOVA of %PPI revealed a significant main effect
of strain (F=26.60, df 1,29, p<0.0001) and AMPH dose (F=4.81, df 2,29, p<0.016), and a
significant interaction of strain × dose (F=6.63, df 2,29, p<0.005). Post-hoc comparisons
confirmed PPI-disruptive effects of AMPH in SD rats (p<0.004) but not LE rats. Inspection of
the data (Figure 3) revealed no strain differences in PPI after sc injection of vehicle (saline)
into either site.

AMPH significantly potentiated startle magnitude on P-ALONE trials after sc injection into
the nape of the neck (effect of dose: F=11.98, df 3,72, p<0.0001; effect of strain: F=10.98, df
1,24, p<0.003; dose × strain interaction: F=2.51, df 3,72, ns), but not after sc injection over the
abdomen (effect of dose: F=1.11, df 2,29, ns; effect of strain: F<1; dose × strain interaction:
F<1).

Experiment 2. Extending the model: Effects of intracerebral AMPH on PPI in SD and LE rats
The effects of intracerebral AMPH on %PPI differed across infusion targets (Figure 1) and
strains, as described below. In general, PPI after vehicle infusion into several brain regions
was significantly reduced in LE vs. SD rats. Also, in general, AMPH effects on %PPI were
most evident after infusion into NAC core subregions, and this effect was most apparent in SD
vs. LE rats.

a. NAC core infusions—ANOVAs of %PPI after AMPH infusion into the medial or lateral
NAC core (Figure 4) revealed significant effects of strain (medial: F=6.98, df 1,28, p<0.015;
lateral: F=7.38, df 1,35, p<0.015) and AMPH dose (medial: F=7.70, df 3,84, p<0.0001; lateral:
F=7.26, df 3,105, p<0.0005), but no significant strain × dose interaction (medial: F<1; lateral:
F=1.83, df 3,105, ns). Post-hoc interrogation based on the predicted strain difference revealed
significant PPI-reducing effects of AMPH in SD rats (medial: F=5.42, df 3,42, p<0.005; lateral:
F=6.38, df 3,51, p<0.001), that approached the threshold for statistical significance in LE rats
(medial: F=2.72, df 3,42, p<0.06; lateral: F=2.77, df 3,54, p<0.051).

ANOVA of startle magnitude on P-ALONE trials after AMPH infusion into the medial and
lateral NAC core subregions revealed no significant main effects of strain (medial: F=2.89, df
1,28, ns; lateral: F=2.49, df 1,35, ns) or AMPH dose (medial: F<1; lateral: F=1.52, df 3,105,
ns). For the lateral NAC core there was no significant strain × dose interaction (F<1), while in
the medial NAC core, this effect reached significance (F=3.29, df 3,84, p<0.025), reflecting
significant startle-reducing effects of AMPH in SD rats (p<0.03), and a trend towards startle-
potentiating effects AMPH in LE rats (Figure 4).

Drug effects on P-ALONE startle magnitude can alter the calculation of %PPI, even when
sensorimotor gating -- i.e. the ability of a prepulse to inhibit startle -- remains unaffected
(Swerdlow et al. 2000). To control for such effects in this experiment, we analyzed
sensorimotor gating in subgroups of rats in which P-ALONE startle magnitude was unaffected
by AMPH. Rats from medial and lateral NAC core sites were pooled, and subgroups of SD
and LE rats were identified in which the highest dose of AMPH yielded no significant effect
on P-ALONE startle magnitude (mean (SEM) P-ALONE magnitude - SD: vehicle vs. 40 μg
= 278.84 (24.53) vs 275.34 (29.60); LE: vehicle vs. 40 μg = 367.81 (31.3) vs. 370.15 (28.79))
(Figure 5). ANOVA of raw startle magnitude across all trial types (P-ALONE and prepulse
+PULSE) in SD rats revealed a significant interaction of dose × trial type (F=3.92, df 3,78,
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p<0.012). Post-hoc analyses confirmed that startle magnitude on prepulse+PULSE trials was
significantly elevated by AMPH compared to vehicle (F=11.07, df 1,26, p<0.003) despite the
fact that AMPH had no effect on startle magnitude on P-ALONE trials in these rats. Among
LE rats, ANOVA detected no significant interaction of dose × trial (F=1.12, df 3,90, ns),
suggesting that AMPH did not differentially impact startle magnitude on P-ALONE vs.
prepulse+PULSE trials.

b. NAC shell infusions—ANOVA of %PPI after AMPH infusion into the NAC shell
revealed no significant effects of strain (F<1) or AMPH dose (F=2.09, df 3,48, ns), and no
significant interaction of strain × dose (F=1.23, df 3,48, ns). Unlike both NAC core infusion
sites, PPI levels post-vehicle infusion into the NAC shell did not differ between SD vs. LE rats
(Figure 6A). However, for both strains, post-vehicle PPI levels after NAC shell infusions were
the lowest among all infusion sites (main effect of site: F=4.08, df 4,125, p<0.004; lateral NACc
vs. NACs: p<0.0005; medial NACc vs. NACs: p<0.008; posterior striatum vs. NACs:
p<0.015).

ANOVA of startle magnitude on P-ALONE trials after AMPH infusion into the NAC shell
revealed a near-significant main effect of strain (LE > SD: F=4.20, df 1,16, p<0.06), but no
significant effect of AMPH dose (F<1) or strain × dose interaction (F<1).

c. Anteromedial striatum infusion—ANOVA of %PPI after AMPH infusion into the
AMS (Figure 6A) revealed no significant effect of strain (F<1) or AMPH dose (F=1.74, df
3,51, ns), and no significant interaction of strain × dose (F<1). Because we had previously
reported PPI-disruptive effects of dopaminergic activation of the AMS in SD rats, we assessed
the effects of AMS AMPH infusion in SD rats. Even at the highest dose (40 μg), intra-AMS
infusion of AMPH had only weak PPI-reducing effects (d=0.42), which did not achieve
statistical significance (F=1.56, df 1,8, ns). PPI levels after vehicle infusions into the AMS
were lower than after infusion into any site other than the NAC shell, and were significantly
lower than levels after vehicle infusion into the lateral NAC core (p<0.035).

ANOVA of startle magnitude revealed a non-significant trend towards higher startle magnitude
in LE vs. SD rats (F=3.30, df 1,17, p<0.09), but no significant effect of AMPH dose (F=1.65,
df 3,51, ns), and no strain × dose interaction (F<1).

d. Posterior striatum infusion—ANOVA of %PPI after AMPH infusion into the PS
(Figure 6A) revealed no significant effect of strain (F=2.65, df 1,29, ns) or AMPH dose (F<1),
but there was a significant interaction of strain × dose (F=3.14, df 3,87, p<0.03). Post hoc
analyses to identify the source of this interaction revealed significantly lower levels of PPI in
LE vs. SD rats after infusion of vehicle into the PS (F=4.68, df 1,29,p<0.04). AMPH infusion
resulted in trends towards reduced PPI in SD rats, and towards increased PPI in LE rats, such
that intra-PS infusion of 40 μg AMPH resulted in PPI levels that were numerically (though not
statistically; d = 0.27) greater in LE vs. SD rats.

ANOVA of startle magnitude on P-ALONE trials after AMPH infusion into the PS revealed
no significant main effect of strain (F<1), AMPH dose (F=2.42, df 3,87, ns) or strain × dose
interaction (F=2.46, df 3,87, ns).

Experiment 3. Effects of intra-NAC core AMPH on PPI in F1 rats
Based on the several phenotypic differences between SD and LE rats in their sensitivity to the
effects on intra-NAC core AMPH on PPI and startle magnitude, we qualitatively assessed these
phenotypes in F1 rats from reciprocal SD × LE crosses (Figure 2). Only medial NAC core
infusion sites were tested; F1 rats appeared to exhibit a PPI AMPH sensitivity phenotype
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comparable to SD rats (significant PPI-reducing effect of AMPH dose: F = 3.48, df 3,30,
p<0.03), and a P-ALONE startle AMPH phenotype comparable to LE rats (Figure 3).

Experiment 4. Strain differences in baseline PPI after intracerebral manipulations
Particularly evident in the analysis of %PPI data from the present studies was the significant
strain difference (SD>LE) after vehicle infusion into either the medial or lateral NAC core
subregions (p<0.02 and p<0.006, respectively). Such a strain difference was not evident after
subcutaneous saline injection into either peripheral site. This apparent PPI-reducing effect of
intracerebral saline infusion in LE rats complicates the interpretation of the AMPH effects in
these rats, because the diminished impact of AMPH in LE rats might reflect a relative “floor”
effect of the saline-disrupted PPI levels. These data were examined in several ways.

First, SD vs. LE PPI levels were compared during the “matching” session that followed surgical
implantation of cannulae, but which preceded intracerebral saline or AMPH infusion. This
comparison assessed the possibility that factors associated with intracerebral cannula
implantation might be responsible for SD > LE strain differences in PPI. ANOVA revealed
nearly identical %PPI levels across surgically-implanted SD and LE rats (main effect of strain:
F<1) (Figure 7A). Thus, surgical implantation of cannulae was not associated with SD > LE
strain differences in PPI.

Next, the PPI-disruptive effects of intracerebral saline were examined only in rats that received
saline infusion on the initial test day. This analysis precluded potential “carry-over” effects of
previous intracerebral AMPH infusions as an explanation for these strain differences. Because
only 25% of the rats received vehicle infusions on the first test day, rats from all infusion sites
were pooled into one analysis. ANOVA of %PPI revealed significant main effects of strain
(SD > LE: F=14.623, df 1,46, p<0.0005) and brain region (F=3.93, df 6,46, p<0.004), and no
strain × brain region interaction (Figure 7B). Thus, greater PPI levels in SD vs. LE rats were
evident during the initial test with saline infusions.

In an attempt to mimic the stressful effects of intracerebral drug infusion, PPI was tested in a
separate group of unoperated SD (n=24) and LE (n=24) rats, after a “mock-infusion” session.
This session was used to test the hypothesis that %PPI levels were reduced in LE rats, but not
in SD rats, in response to some stressful aspect of the intracerebral infusion process. ANOVA
of PPI in SD rats detected no effect of “mock-infusion” on PPI (F<1). In contrast, %PPI was
significantly reduced by “mock-infusion” in LE rats (F=5.77, df 1,22, p<0.03) (Figure 7C).
There were no other informative 2- or 3-way interactions. Consistent with this strain-specific
sensitivity to the “mock-infusion” session, startle magnitude was increased by “mock-infusion”
in LE rats (F=5.69, 1,22, <0.03), but not in SD rats (F<1). This difference in startle magnitude
did not account for those in %PPI: significant SD > LE levels of PPI (F=6.63, df 1,14, p<0.025)
were evident even when “mock-infused” SD and LE rats were matched of startle magnitude
(mean (SEM) startle magnitude SD vs. LE = 225.66 (35. 04) vs. 220.34 (35.32)).

Lastly, we sought to determine whether levels of post-vehicle %PPI impacted apparent AMPH
sensitivity in SD and LE rats. Rats from medial and lateral NAC core infusion sites were pooled
and rank-ordered by strain, according to the level of post-vehicle PPI. Median split analyses
were then conducted, comparing AMPH sensitivity among rats with low vs. high vehicle PPI
phenotypes in each strain. In both strains, “low vehicle PPI” rats were less sensitive to the PPI-
disruptive effects of AMPH, compared to “high vehicle PPI” rats (Figure 8A). In both SD and
LE rats, ANOVAs revealed significant interactions of median spilt vs. AMPH dose (SD:
F=4.99, df 3,93, p<0.004; LE: F=5.13, df 3,96, p<0.003). In SD rats, this reflected a relative
difference in AMPH sensitivity, while in LE rats, this difference was absolute: “low vehicle
PPI” rats were completely insensitive to AMPH. Based on this finding, this analytic approach
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was applied to data from systemic AMPH injections, to reveal a very similar pattern (Figure
8B).

Discussion
We previously reported that PPI is disrupted in SD rats by AMPH, after systemic administration
and after intra-NAC infusion (Wan et al. 1995;Wan & Swerdlow 1996;Swerdlow et al.
2003a); both of these effects were observed in the present study. A relative anatomical
specificity for this effect of AMPH was evident in the present studies, with infusion into the
NAC core (medial or lateral regions) causing a significant loss of PPI in SD rats, while infusion
into other forebrain regions had only modest effects on PPI, that did not reach statistical
significance. This finding is consistent with evidence that the PPI-disruptive effects of
systemically administered AMPH are prevented by depletion of DA from the NAC core
(Swerdlow et al. 1990). We also previously reported greater sensitivity to the PPI-disruptive
effects of systemically administered AMPH in SD vs. LE rats (Swerdlow et al. 2003a), and
this effect was reproduced in the present Experiment 1. These strain differences were tested
after intracerebral AMPH infusion in Experiment 2, and perhaps the simplest interpretation of
the present data is that SD > LE differences in systemic AMPH sensitivity are reproduced
within the NAC core, where infusion of AMPH caused a statistically significant disruption of
PPI in SD rats (and in F1 rats) but not in LE rats.

However, this simplest interpretation may be neither complete nor accurate. As we have
observed after intracerebral infusion of the DA antagonist haloperidol (Hart et al. 1998), the
pattern of dose effects on PPI after localized infusion of AMPH into any one of several DA
terminal subregions does not fully reproduce that observed after systemic drug administration.
For example, after localized intra-NACc AMPH infusion, SDxLE F1 rats exhibit a PPI
phenotype comparable to SD rats (Figure 4A), while systemic AMPH injection yields an F1
phenotype that is intermediate between parental strains (Swerdlow et al. 2003a). We can
speculate that dopaminergic changes within multiple subregions contribute to strain differences
in reduced PPI after systemic drug administration, even though in isolation (after localized
infusion), the contribution of any single region does not achieve statistical significance; this
speculation would be consistent with our findings that differences in DA-stimulated GTPγS
binding between SD and LE rats are observed not only within the NAC, but also within the
AMS and cortical regions (Swerdlow et al. 2006a), consistent with anatomically distributed
genetically-based differences in dopaminergic function. In fact, one could argue that the strain
differences observed after systemic AMPH administration are best reproduced by an
(admittedly artificial) integration of AMPH effects across all of the infusion sites in the present
study (Figure 6B), although even this artificial reconstruction omits brain regions (eg. the
prefrontal cortex and BLA) that might contribute to the effects observed after systemic AMPH
administration.

There are certainly alternative interpretations of these data. For example, one might argue that
the pattern of dose-dependent reduction in PPI after sc injection of AMPH is best approximated
in SD rats after ic AMPH infusion into the NAC medial core (monotonic reduction in PPI over
low doses, reaching plateau at highest dose, with a maximal loss of about one-third of total
gating capacity: compare Figures 4A vs. 6B), while in LE rats, it is best approximated after
infusion into the NAC shell (no significant effect of AMPH at any dose, with weak trends for
increases in PPI at the lowest dose, and decreases in PPI at the highest dose: compare Figures
6A vs. 6B). Based on these patterns, we could speculate that the heritable differences in
sensitivity to sc AMPH reflect a behavioral predominance of NAC core output circuitry in SD
rats, vs. NAC shell output circuitry in LE rats. Clearly, at the level of behavioral analysis, there
is no definitive way to accept or reject this interpretation.
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Three complexities emerged from the present data sets that, to some degree, have presented a
challenge to a number of previous reports about PPI. First, in the case of the NAC core data
(particularly the lateral NAC core), AMPH infusion caused a change not only in %PPI, but
also in startle magnitude on P-ALONE trials. While we and others have reported that in many
cases -- including in studies of DA agonist effects on PPI (cf. Swerdlow et al. 2000) -- changes
in %PPI cannot be explained by changes in P-ALONE magnitude, the independence of these
variables cannot be assumed in all experimental conditions. For this reason, it was important
that when data were analyzed from subgroups of rats in which AMPH had no effect on P-
ALONE trials, AMPH significantly increased startle magnitude on prepulse+PULSE trials in
SD rats. This pattern provides the most convincing evidence for a drug-induced loss of
sensorimotor gating. Further evidence for the “separability” of %PPI and P-ALONE responses
to AMPH came in Experiment 3, where these two “phenotypes” segregated in F1 rats.

A second complexity in the present data set was the significant strain difference (SD>LE) in
%PPI after intracerebral vehicle infusions. Working “backwards” through the experiment, it
was possible to determine that this difference likely reflected a differential response to the
restraint procedure used for intracerebral drug infusion. While more convincing evidence for
such a conclusion could come from a lack of strain difference after intracerebral vehicle
infusion into unrestrained rats, the present evidence (no strain difference after systemic vehicle
injection or post-operative testing without infusion, but SD>LE levels after vehicle infusions
on the initial test day and after restrained “mock infusions”) is at least strongly suggestive. To
this end, one might argue that LE rats are actually more sensitive than SD rats to the PPI-
disruptive effects of restraint. While it was not within the scope of this study to determine the
biological basis for this apparent strain difference in the gating-disruptive effects of a
“stressor”, our preliminary findings suggest that this strain difference is not likely mediated
via the effects of corticotrophin releasing factor (CRF), as SD and LE rats exhibit comparable
sensitivity to the PPI-disruptive effects of this peptide (Shoemaker et al. 2006).

Perhaps most importantly, the reduction in vehicle-PPI levels after restraint introduces a
potential “floor effect” in LE rats that complicates the interpretation of the relatively blunted
impact of AMPH on PPI in these rats. As previously reported in both rats (Swerdlow et al.
2006b;Hadamitzky et al. 2007) and humans (Swerdlow et al. 2003b,2006b;Bitsios et al.
2005), baseline levels of PPI strongly influence the impact of dopaminergic manipulations on
PPI. Thus, we cannot convincingly report that the observed SD > LE sensitivity to AMPH after
intra-NACc drug infusions reflects strain differences in AMPH sensitivity per se, vs. the
physiological or arithmetic limitations imposed by a restricted range of PPI, vs. some
interaction of these two processes.

In summary, SD > LE strain differences in sensitivity to the PPI-disruptive effects of AMPH
are robust after systemic drug administration, and can be demonstrated after direct AMPH
infusion into the NAC core. Consistent with previous findings, the current data do not suggest
that AMPH effects within the NAC core can account entirely for the patterns of strain
differences observed after systemic AMPH injection, but suggest instead that such patterns
reflect the integrated contributions of many different forebrain targets of AMPH. In addition
to the PPI-disruptive effects of intra-NAC core AMPH in SD rats, the data suggest that there
may be an enhanced sensitivity to the PPI-disruptive effects of restraint stress in LE vs. SD
rats. These studies demonstrate several challenges to interpreting patterns of PPI, but also
provide several analytic and experimental strategies for understanding the bases for these
patterns.
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Figure 1.
A. Infusion coordinates for all sites (PS = posterior striatum; AMS = anteromedial striatum;
NACcl = nucleus accumbens lateral core; NACcm = nucleus accumbens medial core; NACs
= nucleus accumbens shell). Coordinates were: PS (toothbar +5.0): AP+0.4, L±4.0, DV-4.7;
AMS (toothbar -3.3): AP+1.2, L±1.7, DV-5.5; NACcl (toothbar -3.3): AP+1.2, L±2.3, DV-7.0;
NACcm (toothbar -3.3): AP+1.2, L±1.6, DV-7.5; NACs (toothbar -3.3): AP+1.2, L±0.8,
DV-7.2. B. Distribution of injector placements for the sites that supported a significant
reduction in PPI: the NACcl and NACcm. Bilateral placements for any given rat are collapsed
onto one hemisphere for this plot. C. Photomicrograph of examples of injector tip placements
in NACcl and NACcm from rats in these studies (ac = anterior commissure).
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Figure 2.
Photographs showing relevant pigmentation patterns for the present experiments: A. Albino
SD rat; B. Hooded LE rat; C. F1 rat with intermediate pigmented area; and D. Ventrum of LE
rat, showing unpigmented region used for sc injection in Experiment 1.
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Figure 3.
Effects of subcutaneous AMPH injection on PPI in SD rats (open bars) and LE rats (solid
bars).A. Injections into the nape of the neck, which is pigmented in LE rats. B. Injections into
the subcutaneous tissue over the abdomen, which is LE rats is unpigmented (see Figure 2).
Data shown are collapsed across all prepulse intensities. * p < 0.05-0.0001, significant
reduction in PPI in SD rats compared to vehicle dose, after significant strain × dose interaction
by ANOVA.
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Figure 4.
PPI and startle magnitude after AMPH infusion in the NACcm in SD, LE and F1 rats, and into
the NACcl in SD and LE rats. A. PPI is significantly reduced after AMPH infusion into the
NACcm in SD rats (significant main effect of AMPH dose, p<0.005; * p<0.001 and p<0.002
for 20 and 40 μg doses, respectively). The main effect of AMPH on PPI also reached
significance in F1 rats (p<0.03) but only approached significance in LE rats (p<0.06). In SD
rats, PPI was also significantly reduced after AMPH infusion into the NACcl (main effect of
AMPH dose, p<0.001; * p < 0.0005, p < 0.008 and p < 0.0005 for 10, 20 and 40 μg doses,
respectively). After AMPH infusion into the NACcl n LE rats, the main effect of AMPH dose
again marginally reached significance (p<0.051), with post-hoc comparisons revealing
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significantly reduced PPI after infusion of 20 μg AMPH (* p < 0.006). PPI after vehicle infusion
into the NACcm or NACcl was also significantly lower in LE vs. SD rats (# p < 0.015, both
sites). B. Startle magnitude is significantly reduced in SD rats after AMPH infusion into the
NACcm (main effect of AMPH dose, p<0.03; * p < 0.001 and p < 0.002 for 20 and 40 μg doses,
respectively).
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Figure 5.
Startle magnitude on P-ALONE (0 dB over background) and prepulse+PULSE trials after
infusion of either vehicle or the highest AMPH dose (40 μg) in rats in which startle magnitude
was not altered after AMPH infusion into the NACcm. Data shows that AMPH selectively
elevates startle magnitude on prepulse+PULSE trials in SD rats, reflecting a loss of
sensorimotor gating (* p < 0.05 vs. vehicle dose).
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Figure 6.
A. PPI after AMPH infusion into the NACs, AMS and PS. PPI was significantly lower in LE
vs. SD rats after vehicle infusion into the PS (# p < 0.04), with similar trends in the AMS. B.
PPI in SD and LE rats after sc injection (from Figure 3) and integrated across all ic infusion
sites (* significant reduction in PPI compared to vehicle dose, p < 0.05 - 0.0001; # significantly
lower PPI in LE vs. SD rats after vehicle infusion, p < 0.0007).

Swerdlow et al. Page 19

Pharmacol Biochem Behav. Author manuscript; available in PMC 2007 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Analyses designed to clarify the basis for reduced PPI in LE vs. SD rats after ic vehicle infusion.
A. Comparable levels of PPI in SD and LE rats one week after surgery, prior to ic infusions.
B. Significantly reduced PPI in LE vs. SD rats (#) on the first day of ic testing, in rats from all
infusion sites that received vehicle infusions. C. Significantly reduced PPI in unoperated LE
vs. SD rats (#) (n = 12/strain) that underwent a “mock-infusion” procedure light restraint in
the manner typically used for ic infusions for 60 sec, light pressure to top of head, noises of
pumps and timers according to normal ic infusion procedures) prior to startle measures. No
strain differences in PPI were detected in a control group (n = 12/strain) taken directly from a
sound insulated room and placed into the startle boxes. The startle test session was identical
to that used for Experiments 1-3.
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Figure 8.
AMPH effects on PPI in rats whose vehicle PPI levels were either below (“low gating”) or
above (“high gating”) the median levels for that strain. A. Rats from Experiment 2a, that
received ic infusions into the NACc (pooled from medial and lateral infusion sites). #
significant main effect of strain (LE<SD) after ic vehicle infusion. * significant reduction in
PPI compared to vehicle dose (for 20 and 40 μg doses in SD “low gating”, and in all active
doses of SD and LE “high gating”). B. Same comparisons as in A, except with rats in
Experiment 1, that received sc injection of AMPH into the nape of the neck. * significant
reduction in PPI compared to vehicle dose (for 3.0 and 4.5 mg/kg doses in SD “low gating”,
and in all active doses of SD (but not LE) “high gating”).
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