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Reduced Brain Serotonin Activity Disrupts 
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and 

 

p

 

-chlorophenylalanine

 

Paul J. Fletcher, D.Phil., Zoë F. Selhi, H.B.Sc., Arezou Azampanah, M.Sc., and Terrence L. Sills, Ph.D.

 

These experiments examined the impact of extensive 
depletions of forebrain 5-hydroxytryptamine (5-HT; 
serotonin) levels on prepulse inhibition (PPI) of the acoustic 
startle reflex in rats. In Experiment 1, injection of the 
neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) into the 
dorsal and median raphe nuclei disrupted PPI. This deficit 
was observed beginning 2 days after lesioning and was still 
apparent 8 weeks later. Basal startle reactivity was not 
altered. The 5-HT

 

1A

 

 receptor agonist 8-OH-DPAT (0.1 mg/
kg) and the dopamine receptor agonist apomorphine (1mg/
kg) also disrupted PPI; the effect of 8-OH-DPAT, but not 
apomorphine, was potentiated in 5-HT-depleted rats. Basal 
startle reactivity was enhanced by 8-OH-DPAT in
sham-lesioned rats but not in 5,7-DHT-lesioned rats. In 

Experiment 2, a second method for depleting 5-HT
was used. The tryptophan hydroxylase inhibitor

 

p

 

-chlorophenylalanine (PCPA) also disrupted PPI without 
altering basal startle reactivity. Again, 8-OH-DPAT 
disrupted PPI in control animals; this effect was not altered 
in PCPA-treated rats but the increase in basal startle 
reactivity induced by 8-OH-DPAT was not observed in 
PCPA-treated rats. Taken together with the results of 
previous experiments involving drugs that enhance 5-HT 
neurotransmission it appears that both increases and 
decreases in 5-HT activity disrupt PPI. 

 

[Neuropsychopharmacology 24:399–409, 2001]
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Prepulse inhibition (PPI) refers to the normal reduction
of a startle response when a weak stimulus (prepulse)
precedes a startle-eliciting stimulus within a very short
time period (Graham 1975; Hoffman and Ison 1980).

PPI is one operational measure of sensorimotor gating,
the ability of an organism to properly inhibit sensory
information (Graham 1975; Swerdlow et al. 1991).
Schizophrenic patients exhibit deficits in PPI and lack
the ability to filter irrelevant stimuli (Braff et al. 1978,
1992). Such abnormalities have been suggested to re-
flect sensory flooding and cognitive fragmentation, fea-
tures that are characteristic of these patients (McGhie
and Chapman 1961). Furthermore, PPI has become an
attractive animal model for exploring the neural sub-
strates underlying schizophrenia, since both humans
and animals are tested using near-identical stimulus
parameters (Geyer and Braff, 1987; Geyer et al. 1990).

Although the circuitry involved in mediating the
acoustic startle reflex is relatively simple (Davis et al.
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1982; Koch 1999), the activity of this system can be al-
tered at a variety of neuroanatomical and neurochemi-
cal levels to affect the PPI of this reflex. Studies involv-
ing rats indicate that multiple neurotransmitter systems
may modulate PPI; these systems include dopamine,
glutamate, acetylcholine, GABA, and 5-hydroxy-
tryptamine (5-HT; serotonin) (see Koch 1999 for re-
view). In regard to serotonergic influences on PPI a
number of studies have shown that drug-induced in-
creases in serotonergic neurotransmission disrupt PPI.
The list of drugs that disrupt PPI via stimulation of
5-HT function include the 5-HT releasers fenfluramine,
p-chloroamphetamine, and 3,4-methylenedioxy-meth-
amphetamine (MDMA) (Kehne et al. 1996). More selec-
tive 5-HT receptor agonists that disrupt PPI are the
5-HT

 

1A

 

 receptor agonist 8-OH-DPAT (Rigdon and
Weatherspoon 1992; Sipes and Geyer, 1995), the mixed
5-HT 

 

1A/1B

 

 receptor agonist RU24969, the non-selective
5-HT

 

2

 

 receptor agonist DOI, and the 5-HT

 

2C

 

 receptor
agonist m-chlorophenylpiperazine (Sipes and Geyer
1994, 1995, 1997). Thus, PPI can be reduced by increas-
ing 5-HT neurotransmission through multiple 5-HT re-
ceptor sub-types.

In contrast to the well-studied effects of increased
function the impact of reducing 5-HT function on PPI
has not been thoroughly investigated. Systemic admin-
istration of the 5-HT

 

1A

 

 agonist 8-OH-DPAT reduces PPI
(Rigdon and Weatherspoon 1992). Receptors of the
5-HT

 

1A

 

 subtype are located post-synaptically as well as
on serotonergic cell bodies in the dorsal and median
raphe nuclei (Pazos and Palacios 1985; Pompeiano et al.
1992). These somatodendritic receptors function as au-
toreceptors; 5-HT

 

1A

 

 receptor stimulation inhibits the ac-
tivity of raphe 5-HT neurons (Sprouse and Aghajanian
1987) leading to reduced release of 5-HT in terminal re-
gions (Hjorth and Magnusson 1988; Hjorth and Sharp
1991). Therefore it is reasonable to hypothesize that the
effect of 8-OH-DPAT to reduce PPI may involve dimin-
ished 5-HT function. In support of this view Sipes and
Geyer (1995) reported that 8-OH-DPAT infusions into
either the dorsal raphe or the median raphe nuclei re-
duced PPI. These deficits were reversed by WAY 100,
135, a selective 5-HT

 

1A

 

 antagonist, and were not attrib-
utable to a general effect on startle reactivity. In light of
these findings, the main goal of the present study was
to determine the impact of longer term depletion of
brain 5-HT levels on PPI. To this end the effects of de-
stroying brain 5-HT neurons on PPI were investigated
by injecting the specific 5-HT neurotoxin 5,7-dihydroxy-
tryptamine (5,7-DHT) into both the dorsal and median
raphe nuclei. The impact of such lesions on the disrup-
tive effects of systemically administered 8-OH-DPAT
was also examined. For comparative purposes the ef-
fects of the dopamine receptor agonist, apomorphine,
were also examined since this drug has been widely
used as a pharmacological means of disrupting PPI.

Additionally, we examined the effects of depletion of
5-HT, induced by the tryptophan hydroxylase inhibitor

 

p

 

-chlorophenylalanine (PCPA) (Koe and Weissman
1966) on the expression of PPI, as well as on the ability
of 8-OH-DPAT to disrupt PPI. Thus, these studies pro-
vide a comparison of the effects of three quite different
methods of reducing 5-HT activity on PPI.

 

METHODS

Subjects

 

Male Sprague-Dawley rats (Charles River, St. Constant,
Quebec) weighing between 250–300 g at the time of sur-
gery were used. Animals were housed in clear plastic
cages on a 12 hr light/dark schedule (lights on at 08:00
h) and at a temperature of 22 

 

6

 

 2

 

8

 

C. Rats had ad libitum
access to standard Purina lab chow and water. All ani-
mals were handled within 4 days of arrival and daily
thereafter. All treatments and tests were carried out
during the light phase. Experimental procedures and
manipulations conformed to the guidelines laid down
by the Canadian Council on Animal Care, and were ap-
proved by the Animal Care Committee at the Centre for
Addiction and Mental Health.

 

Apparatus

 

Testing occurred in four startle chambers (SR-LAB, San
Diego Instruments, San Diego, CA). Each startle cham-
ber was enclosed within a 37.5

 

 3

 

 40.0 

 

3

 

 57.5 cm iso-
lated cabinet, and contained a ventilated Plexiglas cyl-
inder 8.2 cm in diameter, which was positioned upon a
12.5 

 

3

 

 25.5 cm Plexiglas platform. Acoustic noise bursts
were presented via a loudspeaker mounted 24 cm
above the cylinder. A piezoelectric accelerometer unit
was attached below the cylinder to transduce the vibra-
tions from within the cylinder into signals that were
rectified and recorded by an IBM-PC compatible com-
puter and interface assembly. In every chamber, sound
levels were measured and calibrated with a sound
meter (Radio Shack, model no. 33-2055). Response sen-
sitivities were calibrated using the SR-LAB Startle Cali-
bration System. The startle response was measured ev-
ery 1 msec for a 250 msec period from the onset of the
startle stimulus. Startle amplitude, the dependent mea-
sure, was defined as the average of the 250 1 msec read-
ings. In addition the peak startle amplitude within this
250 msec period was also recorded.

 

Experiment 1: Effects of 5,7-dihydroxytryptamine 
Lesions of the Raphe Nuclei

 

Rats were anaesthetized with sodium pentobarbital (Som-
notol; 45–50 mg/kg, IP), after pre-treatment with 10 mg/
kg desipramine (IP), and placed in a stereotaxic frame. A
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30-gauge stainless steel needle was lowered into first the
median raphe (MR) nucleus. Using an infusion pump, 4

 

m

 

g 5,7-DHT (5,7-dihydroxytryptamine creatinine sul-
phate; Sigma-Aldrich Canada, Oakville, Ontario), free
base, dissolved in 1% ascorbic acid was infused into the
target nucleus over a period of 4 min. The needle was left
in place for another 2 min, then raised to the dorsal raphe
(DR) nucleus. Another 4 

 

m

 

g of 5,7-DHT was infused into
this nucleus for 4 min, and the needle was left in place for
2 min. Nine rats received combined 5,7-DHT lesions.
Eight sham-lesioned control animals were subject to iden-
tical treatment, but with infusions of 1% ascorbic acid
only. The co-ordinates relative to interaural zero were: AP

 

1

 

 1.2 mm, L 0 mm, V 

 

1

 

 4.4 mm (DR) or 

 

1

 

 2.0 mm (MR).

 

PPI Testing

 

Animals underwent PPI testing on days 2, 7, 14, 21, and
30 after surgery. A test session began by placing the rat
in the startle chamber with background white noise set
at 65 dB. After receiving a 10 min acclimation period,
subjects were presented with three trials of a 120 dB
stimulus; responses to this stimulus were subsequently
discarded. Each subject was then presented with 9 itera-
tions of 8 types of trials (total 72 trials): no pulse (0 dB), a
startle pulse (110 dB, 40 msec broadband burst), three
prepulse intensities (70, 75, 80 dB, 20 msec broadband
burst), and each of the 3 prepulse intensities delivered
100 msec prior to a startle pulse. The presentation of trial
type was randomized within each of the nine iterations,
and the average intertrial interval was 15 seconds (range
10–20), randomized across all 72 trials. During all PPI
testing sessions, animals with lesions and sham-lesioned
controls were counter-balanced across startle chambers.
On days 33, 37, and 40 after surgery rats were tested for
PPI as described above following injections of saline, 100

 

m

 

g/kg 8-OH-DPAT (8-hydroxy-2(di-

 

n

 

-propylamino)te-
tralin hydrobromide; Research Biochemicals Interna-
tional, Natick, MA), or 1 mg/kg apomorphine hydro-
chloride (Sigma) injected SC, in a volume of 1 ml/kg, 10
min prior to being placed in startle chambers. Drugs
were administered in a semi-randomised order with ap-
proximately equal numbers of rats in each group receiv-
ing each drug on the 3 test days.

On days 45, 49, and 56 after surgery rats were again
tested for PPI, in the absence of any injections, as de-
scribed above.

 

Experiment 2: Effects of PCPA

 

Sixteen rats were used. Eight animals were treated with
150 mg/kg 

 

p

 

-chlorophenylalanine (PCPA) ethyl ester
injected IP, once daily for 3 days. The other eight rats
received vehicle injections of distilled water only. On
days 4 and 6 after PCPA or water treatment rats were
tested for PPI following injections (SC) of 100 

 

m

 

g/kg

8-OH-DPAT or saline. Rats received each injection in a
counterbalanced order 10 min before being placed in
the startle chambers. PPI was measured as described
for Experiment 1.

Rats treated with PCPA show a depletion of 5-HT
which recovers with de novo synthesis of tryptophan hy-
droxylase (Koe and Weissman 1966). To determine the
influence of PCPA on brain 5-HT levels at the time of PPI
testing, 6 naive rats received injections of PCPA, and 6
received injections of distilled water as described above.

 

Neurochemical Analysis

 

Approximately 1 week after completion of testing, 5,7-
DHT-lesioned rats and their controls were killed by de-
capitation and their brains were removed. PCPA-
treated rats and their controls were sacrificed 6 days
post-treatment. The hippocampus and striatum was im-
mediately dissected, and subsequently frozen over dry-
ice and stored at a temperature of 

 

2

 

70

 

8

 

C. The extent
and specificity of the 5-HT depletion were determined
by measuring, using HPLC with electrochemical detec-
tion, the levels of 5-HT, dopamine, noradrenaline (NA),
and their metabolites following extraction in 0.1N per-
chloric acid containing 2 

 

m

 

M sodium bisulphite as an
antioxidant. The analytical system consisted of a Waters
600 Mutlisolvent Pump (Milford, MA), an Hichrom
(Reading, UK) 250 

 

3

 

 4.6 mm column with ODS2 5 

 

m

 

m
packing material, an ESA (Chelmsford, MA) Cou-
lochem 5100A detector with 5020 Guard Cell and a 5011
Analytical Cell, a TSP AS3000 refrigerated autosampler,
and a Spectra Physics (Mountain View, CA) SP4290 In-
tegrator. The mobile phase comprised 0.822M acetic
acid, 0.094M sodium acetate, 6% methanol, 0.8mM oc-
tane sulphonate, and 0.124 mM EDTA in purified dis-
tilled water filtered through a 0.22

 

m

 

m nylon filter.

 

Data Analysis

 

All data were analyzed with Statistica (StatSoft Inc., Tulsa,
OK ). For startle and PPI two measures of startle ampli-
tude were used; the mean startle amplitude over 250 ms,
and the peak startle response recorded during this period.
For the former measure the amount of PPI was expressed
as the percent decrease in startle response caused by pre-
sentation of the prepulse, according to the formula [100 

 

3

 

(mean startle amplitude on pulse alone trials 

 

2

 

 mean star-
tle amplitude on prepulse

 

1

 

pulse trials) / mean startle
amplitude on pulse-alone trials)]. For measures based on
peak startle values these values were used in the above
formula in place of mean startle amplitudes. Increases in
sensorimotor gating are reflected by higher percent PPI
values. Data were analyzed using analysis of variance
(ANOVA) with specific post hoc comparisons made using
Fisher’s least significant difference (LSD) tests. The crite-
rion for significance was 

 

p

 

 

 

,

 

 .05.
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In all experiments the profile of results was compa-
rable using both mean startle amplitudes (averaged
over 250 ms) and peak startle amplitudes (over the 250
ms period). The data reported here are based on mean
startle amplitudes. Peak startle amplitude results are
not shown except for the first phase of Experiment 1 to
indicate the comparability of data based on these two
measures of startle amplitude.

 

RESULTS

Neurochemistry

 

As shown in Table 1 intra-raphe administration of 5,7-
DHT resulted in greater than 90% reduction in 5-HT
and 5-HIAA levels in the hippocampus and striatum.
Treatment with PCPA also induced comparable re-
ductions in 5-HT and 5-HIAA in a separate group of
rats run in parallel with those involved in the PPI
study.

 

Effects of 5-7-DHT on PPI and Startle

 

The effects of 5,7-DHT treatment on PPI on days 2, 7,
14, 21, and 30 post-surgery were analyzed using a
three-way analysis of variance with Lesion as a be-
tween-subjects factor, and Prepulse Stimulus Intensity
and Day as within-subjects factors. This analysis
showed that %PPI increased as a function of increas-
ing prepulse stimulus intensity [F(2,30) 

 

5

 

 80.94 

 

p

 

 

 

,

 

.001] and was significantly reduced by the Lesion
[F1,15 

 

5

 

 13.98, 

 

p

 

 

 

,

 

 .002]. A significant interaction be-
tween the effects of the Lesion and Prepulse Stimulus
Intensity was also found [F(2,30) 

 

5

 

 8.63, 

 

p

 

 

 

,

 

 .001].
Neither the main effect of Day nor any of the interac-
tion terms involving Day was statistically significant.
Therefore, PPI scores were collapsed across days, and
these data are illustrated in Figure 1a. A two-way
analysis of variance revealed significant main effects

of Lesion [F(1,15) 

 

5

 

 13.98, 

 

p

 

 

 

,

 

 .002], Prepulse Intensity
[F(2,30) 

 

5

 

 80.98, 

 

p

 

 

 

,

 

 .001] and a significant interaction
[F(2,30) 

 

5

 

 8.63, 

 

p

 

 

 

,

 

 .001]. However, post-hoc tests con-
firmed that 5,7-DHT lesioned rats exhibited signifi-
cantly lower PPI scores compared to sham-lesioned
animals at all three intensities. Using peak startle am-
plitudes the mean percentage (

 

6

 

SEM) PPI scores ob-
served in sham-lesioned rats at 70, 75 and 85 dB
prepulse intensities were 35.0 (

 

6

 

5.2), 54.8 (

 

6

 

5.8), and
71.1 (

 

6

 

3.9), respectively. The corresponding values for
5,7-DHT-lesioned rats were 22.2 (

 

6

 

4.3), 32.2 (

 

6

 

5.8),
and 40.1 (

 

6

 

6.8). Analysis of variance revealed signifi-
cant main effects of Prepulse Stimulus Intensity
[F(2,30) 

 

5

 

 53.20, 

 

p

 

 

 

,

 

 .0001] and Lesion [F(1,15) 

 

5

 

10.16, 

 

p

 

 

 

,

 

 .01] and an interaction between these two
factors [F(2,30) 

 

5

 

 6.08, 

 

p

 

 

 

,

 

 .01]. Again, post-hoc tests
confirmed that 5,7-DHT lesioned rats exhibited signifi-
cantly lower PPI scores compared to sham-lesioned
animals at all three intensities.

In contrast to the disruptive effect on PPI, 5-HT de-
pletion did not alter basal startle reactivity, measured
as the mean startle amplitude in response to the 110 dB
pulse. Thus, the main effects of Day, Lesion and their
interaction were all non-significant [all F’s 

 

,

 

 1.1]. Aver-
age startle scores collapsed across days are shown in
Figure 1B (t

 

15

 

 

 

5

 

 0.85, 

 

p

 

 

 

.

 

 .4). Similarly, using peak star-
tle amplitudes the sham and 5,7-DHT lesioned groups
were not significantly different: sham, 938 (

 

6

 

139); 5,7-
DHT, 953 (

 

6

 

116), (t

 

15

 

 

 

5 0.93, p . .4).
The effects of the 5,7-DHT lesion post-drug testing,

on days 45, 49, and 56 were similar to those observed
prior to drug testing. The three-way analysis of variance
revealed that overall PPI was increased as a function of
prepulse intensity [F(2,30 5 109.7, p , .001], and that
5-HT depletion significantly reduced PPI [F(1,15) 5 6.43,
p , .03]. Since the main effect of days and all of the inter-
action terms were not significant (all F’s , 1.7, p . .2)
data were collapsed across days Analysis of these data,
shown in Figure 1C revealed significant main effects of
Lesion [F(1,15) 5 6.43, p , .02] and Prepulse Stimulus
Intensity [F(2,30) 5 109.01, p , .001]. As shown in Fig-

Table 1. Levels of 5-HT, 5-HIAA, DA and NA in Striatum and Hippocampus Following 5,7-DHT or PCPA Treatment

Striatum Hippocampus

5-HT 5-HIAA DA 5-HT 5-HIAA NA

Sham 0.581 (0.03) 0.849 (0.04) 11.657 (0.46) 0.466 (0.01) 0.4049 (0.02) 0.4599 (0.028)
5,7-DHT 0.0468 (0.029) 0.0562 (0.037) 10.699 (0.330) 0.024 (0.006) 0.036 (0.01) 0.381 (0.03)
Percent of Control 8* 7* 92 5* 9* 83
Veh 0.6542 (0.02) 0.816 (0.06) 9.829 (0.79) 0.500 (0.025) 0.415 (0.032) 0.489 (0.026)
PCPA 0.028 (0.002) 0.0024 (0.01) 10.55 (0.62) 0.017 (0.001) 0.009 (0.01) 0.357 (0.028)
Percent of Control 4* 3* 107 3* 2* 73

Values represent mean (6SEM) tissue levels expressed as ng/mg tissue. Measurements of NA in striatum, and DA in hippocampus were not per-
formed.

*p , .01 compared to Sham or Veh.
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ure 1D, reactivity to the startle-alone stimulus (110dB)
was not altered by the lesion (t15 5 0.73, p . .1).

Effects of 8-OH-DPAT and Apomorphine on PPI in 
Sham and 5,7-DHT Lesioned Rats

To increase power of the statistical analyses the effects
of 8-OH-DPAT and apomorphine were analyzed sepa-
rately and compared to the same saline control condi-
tion. Each analysis consisted of a 2 (sham vs. lesion) 3 2
(saline vs. drug) 3 3 (prepulse intensity) analysis of
variance. The effects of 8-OH-DPAT on PPI in sham-
and 5,7-DHT lesioned rats are shown in Figure 2. Re-
sults of the three-way analysis of variance confirmed
that PPI increased with prepulse stimulus intensity
[F(2,30) 5 41.89 p , .001], that the lesion group had
overall reduced PPI [F(1,15) 5 9.47, p , .01] and that
8-OH-DPAT reduced PPI [F(1,15) 5 50.95, p , .001]. The
overall interaction between the three factors was signifi-
cant [F(2,30) 53.7, p , .04]. Tests of simple interactions
showed that significant interactions between
8-OH-DPAT and Lesion occurred at the 75 dB [F(1,15) 5
16.01, p , .01] and 80 dB [F(1,15) 5 5.19, p , .04] prepulse

intensities. Further post-hoc testing of these interactions
confirmed that the disruptive effect of 8-OH-DPAT on
PPI was significantly greater in lesioned rats compared
to their sham-lesioned controls at 75 and 80 dB. The
8-OH-DPAT 3 Lesion interaction at 70 dB was not sig-
nificant [F(1,15) 5 0.85, p . .3] presumably because of
the trend towards reduced PPI in the 5,7-DHT lesioned
rats. Post-hoc tests confirmed that this reduction was
not significant, but that the effect of 8-OH-DPAT was
significantly greater in lesioned versus control animals.

As shown in Figure 3 apomorphine also induced an
overall disruptive effect on PPI [F(1,15) 5 30.75, p ,
.001]. The three-way interaction approached signifi-
cance [F(2,30) 5 2.91, p 5 .069]. However, tests of Le-
sion 3 apomorphine interactions at each prepulse in-
tensity revealed that these interactions differed signifi-
cantly across the three prepulse intensities. Thus, at 70
dB a significant interaction between the lesion condi-
tion and apomorphine treatment [F(1,15) 5 11.28, p ,
.01] was found. This interaction occurred because of a
reversal of the disruptive effect of apomorphine on PPI
in the lesioned rats. At the two other prepulse intensi-
ties apomorphine was equally effective in both sham

Figure 1. The effects of 5,7-DHT-lesions and sham lesions on (A) percentage PPI of the acoustic startle response at prepulse
intensities of 70,75 and 80 dB, and (B) mean startle amplitude to the 110 dB startle stimulus. Data represent the mean
(1SEM) percentage inhibition of the acoustic startle reflex, or of startle amplitude averaged over testing days 2, 7, 14, 21, and
30 (pre-drug testing). See text for statistical details. Panels C and D illustrate %PPI and startle responses respectively col-
lapsed over days 45, 49, and 56 (post-drug testing). See text for statistical details. In this, and all subsequent figures, data are
derived from the mean startle amplitude recorded over a period of 250 ms beginning at the onset of the startle stimulus.
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and lesioned rats, as shown by the lack of interaction
between these two factors (p . .08) in both cases.

Effects of 8-OH-DPAT and Apomorphine on Startle 
in Sham and 5,7-DHT Lesioned rats

Figures 5A and 5B illustrate the effects of 8-OH-DPAT
and apomorphine on responding to the startle stimulus
(110dB) alone. For the analysis involving a comparison

between 8-OH-DPAT and saline, there was an overall
main effect of 8-OH-DPAT [F(1,15) 5 7.27, p , .02]
and a significant interaction between 8-OH-DPAT and
Lesion [F(1,15) 5 5.17, p , .04]. Post-hoc tests con-
firmed that 8-OH-DPAT increased startle in sham-
lesioned rats but not in 5,7-DHT lesioned rats. The lesion
alone had no effect on startle responding. Apomor-
phine failed to alter startle responding in either sham or
lesioned animals [all F’s , 0.5, not significant].

Figure 2. The effects of 8-OH-DPAT (0.1 mg/kg) or saline on %PPI in 5,7-DHT-lesioned and sham-lesioned rats at prepulse
intensities of 70, 75, and 80 dB. Bars represent mean (1SEM) percentage inhibition of the acoustic startle reflex. Error bars not
visible are within the boundaries of the column. ** significantly different from Sham-DPAT condition, p , .01

Figure 3. The effects of apomorphine (1 mg/kg) or saline on %PPI in 5,7-DHT-lesioned and sham-lesioned rats at prepulse
intensities of 70, 75, and 80 dB. Bars represent mean (1SEM) percentage inhibition of the acoustic startle reflex. ** signifi-
cantly different from Sham-APO condition, p , .01.
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Effects of PCPA on PPI and Startle

The effects of PCPA and 8-OH-DPAT on PPI are shown in
Figure 4. An overall three-way ANOVA with PCPA as the
between-subjects factor, and 8-OH-DPAT and prepulse
stimulus intensity as the within-subjects factors, revealed
significant main effects of prepulse stimulus condition,
[F(2,48) 5 22.42, p , .001], 8-OH-DPAT [F(1,24) 5 9.51,
p , .001] and PCPA treatment [F(1,24) 5 4.81, p , .04].
These results reflect the observations that PPI increased
with prepulse intensity, and that both the 8-OH-DPAT
and PCPA treatments significantly reduced the level of
PPI at all prepulse intensities (Figure 4). The only interac-
tion term to reach significance was that involving the
8-OH-DPAT and PCPA factors [F(1,24) 5 4.89, p , .04].
Post hoc comparisons based on this interaction confirmed
that PCPA treatment and 8-OH-DPAT both reduced PPI,
and that PCPA did not modify the effect of 8-OH-DPAT.

To examine the effects of the depletion of serotonin on
startle responding following treatment with saline and
8-OH-DPAT (Figure 5C), a two-way analysis of variance
was carried out, with PCPA as the between-subjects fac-
tor, and 8-OH-DPAT as the within-subjects factor. This
analysis revealed a significant main effect of 8-OH-DPAT
only [F(1,24) 5 7.59, p , .01]. Although the main effect of
PCPA [F(1,24) 5 1.62, p . .2] and the interaction were not
significant [F(1,24) 5 1.31, p . .2] post-hoc testing indi-
cated that 8-OH-DPAT increased startle reactivity in ve-
hicle-pretreated rats but not in PCPA-treated rats.

DISCUSSION

The main finding of this study is that severe depletion
of brain 5-HT levels disrupted PPI of the acoustic startle

reflex. This disrupted PPI was evident in animals
treated either with the serotonin neurotoxin, 5,7-DHT,
or with the tryptophan hydroxylase inhibitor PCPA.
Both treatments reduced 5-HT and 5-HIAA levels in the
striatum and hippocampus by greater than 90%, and
disrupted PPI at all 3 prepulse intensities. In contrast to
the effect on PPI, neither 5,7-DHT treatment nor PCPA
altered basal startle activity, as measured in response to
the 110 dB stimulus. These results are consistent with
prior reports that startle reactivity is not altered by ei-
ther 5,7-DHT (Eison et al. 1986) or PCPA (Davis et al.
1988). Thus, the disruption of PPI induced by both
treatments cannot be attributed to any effect on basal
startle activity.

A number of pharmacological manipulations, prima-
rily involving drugs that enhance 5-HT neurotransmis-
sion, disrupt PPI. Selective activation of 5-HT1A, 5-HT1B,
and 5-HT2A receptors alone is seemingly sufficient to
disrupt PPI indicating that 5-HT, acting via multiple
5-HT receptor sub-types can disrupt PPI. Selective
blockade of 5-HT1A (Sipes and Geyer 1995), 5-HT2A

(Padich et al. 1996) receptors, non-selective blockade of
5-HT2 receptors (Sipes and Geyer 1994), and deletion of
the 5-HT1B receptor (Dulawa et al. 1997) do not alter PPI
but clearly prevent the disruptive effects of receptor ag-
onists. Thus, the disruption of PPI observed after 5-HT
depletion described in the present report most likely in-
volves a reduction in 5-HT neurotransmission medi-
ated through several receptor sub-types, rather than
any single receptor.

The effect of 5,7-DHT to disrupt PPI was quite
marked, stable, and long-lasting, being evident up to 8
weeks post-surgery. However, during the course of the
experiments examining the effects of 8-OH-DPAT and
apomorphine on PPI the 5,7-DHT lesioned rats treated

Figure 4. The effects of 0.1 mg/kg 8-OH-DPAT on %PPI scores in rats pretreated with PCPA (150 mg/kg 3 3) or its vehicle
at prepulse intensities of 70, 75, and 80 dB. Bars represent mean (1SEM) percentage inhibition of the acoustic startle reflex.
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with saline showed PPI scores that were not signifi-
cantly different from those of sham-lesioned rats. The
reason for this is not clear but cannot be attributed to an
altered basal startle reactivity on drug test days since
5-HT depleted rats did not differ from their sham-oper-
ated controls on a measure of reactivity to the 110 dB
startle stimulus alone. Nor did this response vary sub-
stantially over the entire duration of the experiment.
Studies involving lesioning of brain structures or chem-
ical systems always run the risk that emerging compen-
satory changes in brain function can lead to ameliora-
tion of any deficit. Such compensatory changes in brain
5-HT activity and in behavior have previously been re-
ported following 5,7-DHT-induced damage to 5-HT
neurons (Azmitia et al. 1978). The development of such
compensatory mechanisms seems an unlikely explana-
tion in the present experiments since the ability of 5,7-
DHT-induced reductions in 5-HT levels to reduce PPI

did not change significantly over the time course of the
experiment. Indeed, the disruption of PPI that was ob-
served on the last test day (day 56), some 8 weeks after
lesioning, was robust and obvious at all three stimulus
intensities. Experimental procedures and protocols
were similar on all pre-drug, post-drug and drug-test-
ing days with the exception that rats received injections
on those days in which 8-OH-DPAT, apomorphine and
saline were administered. Since these rats were not ha-
bituated to injection procedures prior to beginning
these tests it is possible that the stress of the injections
may have interacted in some fashion with 5-HT deple-
tion to alter basal PPI in these animals. Despite this
seemingly anomalous finding, the pattern of effects in-
duced by 5,7-DHT over the whole duration of the ex-
periment was one of a strong, and generally reliable, at-
tenuation of PPI.

Further support for the notion that reduced 5-HT
function disrupts PPI of the acoustic startle reflex de-
rives from the observation that rats treated with PCPA
showed the same deficit in PPI. This disruption of PPI
was found after saline injections, but unlike the rats
treated with 5,7-DHT these PCPA-treated rats had re-
ceived experience with injections, for administration of
PCPA, prior to PPI testing. The results of both experi-
ments clearly show that two different neuropharmaco-
logical procedures that deplete central 5-HT levels in-
duce a similar profile of behavioral change, namely a
disruption of PPI without an alteration in basal startle
reactivity. These findings are also consistent with the
disruption of PPI induced by injecting 8-OH-DPAT into
the dorsal and median raphe nuclei that leads to acute
suppressions of raphe cell firing and 5-HT release in
terminal areas (Hjorth and Magnusson 1988; Sprouse
and Aghajanian 1987).

In the present experiments we also confirmed the ob-
servation that systemic injection of a low dose of
8-OH-DPAT reduces PPI (Rigdon and Weatherspoon
1992; Sipes and Geyer 1995). Both 5,7-DHT and PCPA treat-
ment failed to reverse the effect of 8-OH-DPAT on PPI.
In the case of PCPA this is not surprising given the mas-
sive impact of PCPA to reduce PPI in its own right. For
the 5,7-DHT lesioned rats, as noted above, basal PPI
was not disrupted providing a fortuitous opportunity
to determine whether chronic 5-HT depletion can ame-
liorate the deficit in PPI induced by 8-OH-DPAT. How-
ever, the results of this experiment indicated that the
effect of 8-OH-DPAT was significantly enhanced in 5,7-
DHT depleted rats. One possible explanation for this
enhancement is that it reflects an additive effect of the
disruptive effect of 8-OH-DPAT, with a latent or non-
expressed, disruptive effect of the lesion under the
saline injection condition. Arguing against this explana-
tion is the finding that apomorphine-induced disrup-
tion of PPI was not enhanced in 5,7-DHT treated rats. In
fact, at the 70 dB prepulse intensity the effect of apo-

Figure 5. Panels A  and B  illustrate the effects of
8-OH-DPAT (0.1 mg/kg) and apomorphine (1 mg/kg), respec-
tively, on mean 1 SEM startle amplitudes (in response to
110 dB stimuli) in 5,7-DHT-lesioned and sham-lesioned rats.
Panel C shows the effect on startle amplitude of 8-OH-
DPAT (0.1 mg/kg) administered to rats pretreated with
PCPA (150 mg/kg 3 3) or its vehicle. ** p , .01 compared to
Sham-DPAT condition (A) or Veh-DPAT condition (C).
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morphine was significantly reversed by 5-HT deple-
tion. An alternative explanation for the enhanced effect
of 8-OH-DPAT could be that it reflects an action of
8-OH-DPAT on post-synaptic 5-HT1A receptors that have
been rendered supersensitive by 5-HT depletion. Although
such upregulation of 5-HT1A receptor function has not
been consistently demonstrated using quantitative au-
toradiography (e.g. Compan et al. 1998; Hensler et al.
1991), enhanced electrophysiological, behavioral (Lucki
1992), and hormonal (Van der Kar et al. 1998) responses
to 5-HT1A agonists occur following 5,7-DHT treatment.
In PCPA treated rats the response to 8-OH-DPAT was
not enhanced, but because testing of the effects of
8-OH-DPAT occurred within 3 days of ceasing treatment
with PCPA, this may not have been sufficient time to allow
for the emergence of upregulation of 5-HT1A receptor-
related activity. If this explanation is correct then it in-
dicates that 8-OH-DPAT can disrupt PPI via a post-
synaptic receptor mechanism, as well as via an action
on inhibitory somatodendritic autoreceptors (Sipes and
Geyer 1995).

Manipulation of 5-HT activity modulates the expres-
sion of dopamine-mediated neurotransmission and be-
havior. The interactions between these two systems are
complex but, at least under certain circumstances, 5-HT
depletion may potentiate dopamine-mediated behavior
(see Fletcher et al. 1999 for a more detailed discussion).
In this context 5-HT depletion enhances the stimulant
effect of apomorphine in an open-field (Drescher et al.
1985). Contrary to this finding in the present experi-
ment 5,7-DHT-lesioned rats showed an attenuation of
the disruptive effect of apomorphine on PPI. This result
should be viewed with some caution given that the ef-
fect was observed at only the lowest prepulse intensity,
and that during the course of the apomorphine experi-
ment the usual 5,7-DHT induced reduction in PPI was
not apparent. However, the result does not support the
view that lowering 5-HT activity potentiates the effects
of direct dopamine receptor stimulation at least in
terms of PPI.

Examination of the effects of 5,7-DHT, and PCPA, as
well as their interactions with 8-OH-DPAT on the
acoustic startle response revealed an interesting pattern
of results. Despite the marked effects of 5,7-DHT and
PCPA to reduce PPI, neither treatment altered respon-
sivity to the startle stimulus alone. In contrast,
8-OH-DPAT significantly elevated the startle response to
this stimulus, and this effect was blocked by prior treatment
with both 5,7-DHT and PCPA. This blockade of the
startle-enhancing response of 8-OH-DPAT by 5-HT de-
pletion strongly suggests that 8-OH-DPAT increases
startle reactivity by inhibiting 5-HT neurotransmission.
This conclusion in turn raises the question of why the
startle response was not altered by either 5,7-DHT or
PCPA, both of which also clearly reduced 5-HT neu-
rotransmission. Interestingly, Davis and Sheard (1976)

have shown that the 5-HT depletor p-chloroamphet-
amine (PCA) increased startle reactivity for a period of
about 15 hr after injection, but that startle responses
subsequently returned to control levels. The treatment
dose of PCA used in those experiments induced a de-
pletion of 5-HT that lasted for at least 4 weeks. Davis
and Sheard (1976) argued that a critical factor in deter-
mining whether reduced 5-HT function enhances star-
tle reactivity relates to the rate of decline of 5-HT levels.
Thus, the key factor is not the absolute level of 5-HT,
but the rate of decline of 5-HT activity. The present re-
sults appear to support this view; an acute, reversible
reduction in 5-HT activity, induced by 8-OH-DPAT, is
associated with increased startle whereas a sustained
depletion of 5-HT induced by 5,7-DHT or PCPA does
not alter startle. However, both acute and chronic re-
ductions in 5-HT activity are sufficient to disrupt PPI of
the acoustic startle response.

The neuronal circuit involved in the acoustic startle
reflex is relatively simple, with the caudal nucleus of
the pontine reticular formation (PnC) involved as an
important relay between auditory and motor systems
(Davis et al. 1982; Yeomans and Frankland 1996). It has
been proposed that during PPI of the acoustic startle re-
sponse, the prepulse engages neuronal systems of the
pedunculopontine tegmental nucleus (PPtg) that
project to the PnC (Koch 1999; Swerdlow et al. 1992;
Swerdlow and Geyer 1993). In turn, the activity of the
PPtg is modulated by a complex cortico-limbic-striatal
circuitry involving multiple anatomical sites including
the medial prefrontal cortex, amygdala, nucleus accum-
bens, ventral pallidum, septo-hippocampal system, and
ventral tegmental area. Altered activity in any of these
systems, induced by lesions or drugs has been shown to
modulate PPI (reviewed in Koch 1999). In the present
studies 5,7-DHT and PCPA would be expected to re-
duce 5-HT levels throughout the forebrain and so it is
not possible to conclude from the present experiments
where in this proposed circuitry 5-HT depletion may
act to disrupt PPI. However, it is noteworthy that 5-HT
neurons innervate all aspects of these cortico-limbic-
striatal regions (Azmitia 1978). Future experiments in-
volving anatomically-restricted lesions could be used to
determine whether the deleterious effects of 5-HT de-
pletion on PPI result from a focal loss of 5-HT input to
any given site, or whether a generalized forebrain defi-
cit is required to disrupt PPI.

The present results, together with those obtained us-
ing intra-raphe injections of 8-OH-DPAT, clearly indi-
cate that PPI can be disrupted by manipulations that re-
duce 5-HT neurotransmission. This finding together
with those demonstrating similar effects following 5-HT
agonist treatment show that 5-HT does not exert a bi-
directional influence on sensorimotor gating. Rather, it
appear that disruptions that lead to both hyper- and
hypo-functioning 5-HT systems can alter the sensorim-
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otor-gating process as expressed by PPI of the acoustic
startle reflex. Such results indicate that the expression
of normal PPI may require an optimal level of 5-HT ac-
tivity and deviations away from this level disrupt sen-
sorimotor gating regardless of the direction of change.
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