Long-Term Amphetamine Treatment Decreases Brain Serotonin

Metabolism: Implications for Theories of Schizophrenia

Abstract. Long-term amphetamine administration to cats (a mean of 8.75 milli-
grams per kilogram twice daily for 10 days) produced large decreases (40 to 67 per-
cent in serotonin and its major metabolite, 5-hydroxyindoleacetic acid, in all brain
regions examined. This treatment also produced several behaviors that are de-
pendent on depressed central serotonergic neurotransmission, and which normally
are elicited exclusively by hallucinogenic drugs. Short-term amphetamine ad-
ministration (15 mglkg) did not produce these behaviors and resulted in small de-
creases in brain serotonin and no change in 5-hydroxyindoleacetic acid. These data
are discussed in the context of monoamine theories of schizophrenia.

Amphetamine is a widely used psy-
chomotor stimulant whose effects are
thought to be mediated primarily through
an action on brain catecholamines (/). In
fact, the behavioral effects of long-term
amphetamine administration to humans
and animals provides an important un-
derpinning for the catecholamine theory
of schizophrenia (2, 3). A recent report
by Ellinwood ), however, led us to ex-
amine the effects of long-term ampheta-
mine administration on brain serotonin
metabolism in the cat. Ellinwood report-
ed that administration of high doses of
amphetamine to cats for 11 days led to a
number of unusual behaviors. Since we
had previously found that two of these
behaviors—limb flick and abortive
groom—were elicited exclusively by ma-
nipulations that depressed central sero-
tonergic neurotransmission (5), we hy-
pothesized that long-term administration
of amphetamine to cats might decrease
the brain concentrations of serotonin (5-
hydroxytryptamine) and of its major me-
tabolite, 5-hydroxyindoleacetic acid (5-
HIAA).

Adult, female cats were individually
housed in stainless steel cages and ex-
posed to a photoperiodic cycle of 12
hours of light and 12 hours of darkness
(lights were turned on at 8:00 a.m.). The
cats were injected intraperitoneally
twice daily (at 9:00 a.m. and at 9:00 p.m.)
with d-amphetamine sulfate (N = 6) or
saline (N = 6) for ten consecutive days.
To avoid any sudden toxic effects, the
initial dose (in salt form) was 5 mg/kg and
then increased every other day by 2.5
mg/kg up to 15 mg/kg on day 9 @). The
animal was observed 30 minutes and 3'/2
hours after each amphetamine injection
and was scored for 30 minutes for such
activities as limb flicking, abortive
grooming, and head shaking (6), as well
as for dopamine-related stereotyped be-
haviors (7). On day 10, the cats were
anesthetized with chloral hydrate (400
mg/kg, intraperitoneally) 4 to 5 hours af-
ter the final amphetamine injection.
Their brains were rapidly removed and
dissected into left and right cortex, hip-
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pocampus,  striatum, diencephalon,
brainstem, and spinal cord (first cervical
through sixth thoracic vertebrae). The
right hemispheric regions were assayed
for serotonin and 5-HIAA by using the
method of Curzon and Green (8) and for
dopamine and norepinephrine by using
the method of Jacobowitz and Richard-
son (9). The left hemispheric regions
were assayed for tryptophan by using the
method of Bloxam and Warren (/0), and
for homovanillic acid (HVA) and 3,4-di-
hydroxyphenylacetic acid (DOPAC) by
using the method of Westerink and Korf
(11). Each cat in a second group was giv-
en a single injection of d-amphetamine
sulfate (15 mg/kg, intraperitoneally) or
saline (N = 4 for each kind of injection).
Behavior was observed 30 minutes and
3!/2 hours after the injection, and 4 to 5
hours after the injection the cats were
killed for the neurochemical assays de-
scribed above. ]

Long-term amphetamine treatment
produced large decreases (40 to 67 per-
cent) in serotonin and 5-HIAA concen-
trations in all brain regions examined
(Table 1). Short-term amphetamine ad-
ministration, however, produced small
decreases in serotonin (approximately 20
percent) and no change in 5-HIAA (/2).
Both long- and short-term amphetamine
administration resulted in large changes
in concentrations of norepinephrine,
dopamine, and dopamine metabolites.
Long-term amphetamine administration
produced large decreases (85 to 94
percent) in norepinephrine concentration
in all brain regions examined and a 95
percent decrease in striatal dopamine
3).

Initially, amphetamine (5 or 15 mg/kg)
produced strong sympathomimetic signs
(mydriasis, panting, and salivation) and
stereotyped, rhythmic bobbing and
weaving of the head and upper body.
With repeated administration of am-
phetamine, both the sympathomimetic
effects and the stereotyped behaviors be-
came less pronounced, even though the
dosage was progressively increased (/4).
Behaviors (limb flicking and abortive
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grooming) characteristic of depressed
central serotonergic neurotransmission
also began to be produced. From a mean
baseline rate of 0.3 = 0.2 flicks per hour

_after injection of saline, the rate of limb

flicking  gradually increased and
achieved statistical significance on day 5
(2.3 = 0.5 flicks per hour, P < .05, two-
tailed Student’s 7-test, compared to sa-
line baseline). Asymptotic rates of 8 to
10 flicks per hour (P < .01, compared to
saline baseline) were reached on days 8
to 10. Abortive grooming increased simi-
larly, from a saline baseline of 0 to an
asymptotic rate of 2 to 4 occurrences per
hour (P < .05) after 7 to 10 days of am-
phetamine treatment. The rate of occur-
rence of these behaviors 30 minutes after
amphetamine injection did not differ sig-
nificantly from the rate 3!/2 hours after
injection. Limb flicking and abortive
grooming were never seen after the first
injections of amphetamine (5 or 15 mg/
kg) or after any saline injections. During
long-term amphetamine treatment (espe-
cially from days 3 through 7), the cats si-
multaneously displayed prominent ste-
reotyped behaviors (indicating over-
activity in the dopamine system) and
high rates of limb flicking and abortive
grooming (indicating inactivation of
serotonergic neurotransmission).

These data indicate that in addition to
the well-known effects of d-ampheta-
mine on norepinephrine and dopamirie in
the brain (/5, 16), there are dramatic
changes in the concentration of sero-
tonin. The effects of amphetamine on
brain serotonin are dependent on repeat-
ed administration, since a single injec-
tion produced only a small decrease in
brain serotonin concentration and no
change in S-HIAA (/7). By contrast,
large changes in the amounts of brain
norepinephrine, dopamine, and dopa-
mine metabolites were produced by a
single amphetamine injection. Previous
studies (/5, /8) may not have recorded
large effects of amphetamine on brain
serotonin because of lower doses, fewer
injections, and the use of different spe-
cies (mostly rodents).

The changes in brain serotonin con-
centration produced by long-term am-
phetamine administration are especially

- interesting because of their behavioral

significance. In a series of studies (5, /9),
we showed that the emergence of several
behavioral effects, such as limb flicking
and abortive grooming, is elicited exclu-
sively by hallucinogenic drugs and is
specifically dependent on the functional
inactivation of the brain’s serotonin sys-
tem. The gradual onset of these behav-
iors over several days is consistent with
the notion that the decrease in brain
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serotonin concentration is progressive
0).

Although the cats in this study re-
ceived a large amount of amphetamine,
the doses were comparable to those in-
gested by human amphetamine abusers.
Therefore, ‘it is reasonable to assume
that amphetamine, consumed in large
quantities over a long time, may also
produce alterations in human brain
chemistry. Amphetamine abusers fre-
quently take as much as 300 mg/day, and
doses of 900 to 1200 mg/day have been
reported (2/). Assuming a body weight
of 50 to 80 kg, this represents a dose
range of 5 to 25 mg/kg-day for abusers,
compared with a mean of 17.5 mg/kg-day
during the 10-day treatment period for
the cats. Also, the daily dose adminis-
tered to a cat can be lowered and still
produce functionally significant reduc-
tions in brain serotonin, although the
threshold for this has not been deter-
mined. We recently found that adminis-
tration of 7.5 mg/kg every 12 hours for 10

days produced an average reduction of
35 to 40 percent in serotonin and 5-HIAA
concentrations, and elicited high rates of
limb flicking and abortive grooming. Fur-
ther studies are needed to determine the
permanency of these changes in brain
serotonin (22) and the means by which
they are mediated. The fact that 5-HIAA
concentration is decreased only after
long-term amphetamine treatment indi-
cates that the chronic decrease in brain
serotonin is not simply due to the sero-
tonin-releasing effects of amphetamine.
These findings have important scien-
tific and clinical implications. Since am-
phetamine is used as an investigative
tool in so many experiments that are
aimed at elucidating the role of cate-
cholamines in behavior, studies in which
there are repeated injections of this drug
will have to be considered in light of pos-
sible changes in brain serotonin (23).
Clinically, our data are applicable to hy-
potheses that concern the neurochemical
bases of schizophrenia. The similarity of

the behavioral effects of long-term am-
phetamine administration in animals and
humans to paranoid schizophrenia is a
fundamental piece of evidence favoring
the catecholamine theory of schizophre-
nia (2, 3). Our results indicate that con-
sideration of the role played by de-
creased brain serotonin concentration in
the etiology of amphetamine psychosis is
also warranted. Whether these data have
relevance to idiopathic schizophrenia is
less clear, since the results of clinical
studies on the role of serotonin in schizo-
phrenia are equivocal (24). However,
single doses of hallucinogenic drugs such
as lysergic acid diethylamide (LSD) pro-
duce behavioral effects in humans that
resemble the acute, florid phase of schiz-
ophrenia (3, 25). It is thought that LSD
works primarily by inactivating sero-
tonin-containing neurons in the brain
(26), but LSD is also known to mimic the
effects of dopamine (27). Thus, acute
psychotic episodes and the effects of
long-term amphetamine administration

Table 1. Neurochemical effects of long- and short-term amphetamine treatment. Values are expressed as micrograms per gram of tissue
(mean * standard error). The statistical significance of differences between saline- and amphetamine-treated groups was determined with a two-

tailed 7-test.
Brain Treatment Serotonin S-HIAA Norepi- Trypto- Dopamine HVA DOPAC
region nephrine phan P
Long-term treatment
Cortex Saline 0.16 £ 0.0 0.13 £ 0.01 3.11 =041 0.18 = 0.01
Amphetamine 0.10 = 0.01 0.06 = 0.01 3.16 £ 0.59  0.02 = 0.01
(percent change) (—42)t (—52)t +1) (—89)%
Hippocampus  Saline 0.50 = 0.04 0.42 +=0.02 3.69+0.34 0.19 = 0.01
Amphetamine 0.25 £ 0.01 0.19 £0.02 4.21 £ 045 0.02 = 0.01
(percent change) (—=50)t (—55+ (+14) (—=90)%
Striatum Saline 0.58 +0.05 0.53+0.02 458=029 0.28=0.03 565+040 3.50+0.35 234=+0.19
Amphetamine 0.31 £0.03 0.32+0.03 523+0.64 0.02=+0.01 0.26=0.08 1.37 = 0.31  0.87 £ 0.06
(percent change) (4Nt (—40)f (+14) (=94t (—95)% (=61t (—63)F
Diencephalon  Saline 0.69 = 0.05 0.90 £0.06 339+ 030 0.39 +0.01
Amphetamine 0.23 £0.02 0.30=+0.03 4.14=0.73 0.05 = 0.01
(percent change) (—67)% (—66)% (+22) (—87)%
Brainstem Saline 0.67 = 0.03 - 0.92 +0.07 5.12x0.77 0.29+0.02 0.15+0.02 0.14 = 0.01 0.29 = 0.03
Amphetamine 0.30 £ 0.02 035=+0.01 598 +039 0.04+0.01 0.06+0.03 0.08=001 0.17+ 0.02
(percent change) (=55t (—62)% (+17) (—85)% (—61)* (—43)* (—40)*
Spinal cord Saline 0.34 £ 0.01 0.29 £0.01 298 +0.27 0.12 + 0.01
Amphetamine 0.18 £ 0.01 0.14 £0.02 3.28 £0.29 0.02 = 0.01
(percent change) (—48)% (—=5D)t (+10) (—86)t
Short-term treatment
Cortex Saline 0.23 £ 0.01 0.12 = 0.01 © 2.98 £ 0.05 0.12 = 0.01
Amphetamine 0.18 £ 0.02 0.13 +0.01 7.12+0.99 0.04 + 0.01
(percent change) (=23) (+9) (+139)* (—67)%
Hippocampus  Saline 0.55 +0.02 0.44 =0.04 451 +0.11 0.15%0.02
Amphetamine 0.38 =£0.02 038 +£0.02 9.66 £2.17 0.05+ 0.01
(percent change) (=32)t (—12) (+114)* (—69)*
Striatum Saline 0.63 = 0.02 0.59+=0.01 3.8 +023 0.26=+0.01 565=022 4.06=0.5 2.00=0.18
Amphetamine 0.48 = 0.03 0.68 =0.03 8.13+1.00 0.10+0.02 125+0.18 7.53+1.25 1.04 +0.12
(percent change) (—24)t (+15) (+112)* (—60)% (—78)% (+86)* (—48)f
Diencephalon  Saline 0.63 =£0.02 0.84 £0.03 4.10=0.13 0.36 = 0.03
Amphetamine 0.44 = 0.03 0.67 =0.05 958 +173 0.14 = 0.03
(percent change) (=30)t (=21) (+129)* (—6D)7t
Brainstem Saline 0.67 £ 0.01 0.89 +0.01 348 +024 0.29+0.01 0.12+0.02 0.16 =0.01 0.17 = 0.02
Amphetamine 0.55+0.03 077 £0.03 6.94+0.71 0.15+0.03 0.09+0.02 0.34+0.01 0.11 = 0.02
(percent change) (—=17)* (—=13)* (+99)t (—47)* (—29) (+120)% (—36)
Spinal cord Saline 0.30 = 0.01 0.27 =0.02 3.82+0.10 0.11 = 0.01
Amphetamine 0.30 = 0.04 0.28 = 0.01 8.25+ 136 0.05 = 0.01
(percent change) ) (+5) (+116)* (—59)*
*P < .05, tP < .01, P < .001.
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and single doses of hallucinogenic drugs
may all be based on neurochemical pro-
cesses involving dopamine and sero-
tonin.

MicHAEL E. TRULSON

BARRY L. JAcCOBS

Program of Neuroscience, Department
of Psychology, Princeton University,
Princeton, New Jersey 08544
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Auditory Brainstem Frequency Following

Responses to Waveform Envelope Periodicity

Abstract. An auditory frequency following response (FFR) was recorded to four
complex stimuli. The FFR corresponded to the waveform envelope periodicity but

‘e

not to the

missing fundamental’’ pitch of the stimuli. The FFR may be significant

for timbre perception and sound lateralization.

The importance of periodicity for the
pitch perception of complex sounds has
long been of interest to auditory investi-
gators. In the 19th century, Seebeck (/)
showed that the pitch derived from a se-
ries of overtones was identical to the
pitch of the ‘‘missing fundamental.”
Helmholtz (2) later incorporated this
finding into his pitch-place theory by
supposing that the fundamental was in-
troduced to the ear through distortion.
An alternative to the spectrally based
theory of Helmholtz was offered when
Wundt (3) proposed that the cue for pitch
was periodicity of nerve impulses that
was synchronous with stimulus periodic-
ity. Much later, Schouten ¢) and Lickli-
der (5) disproved the distortion hypothe-
sis of Helmholtz, showing that the funda-
mental did not have to be present in the
ear when its pitch was heard during com-
plex stimulation. This finding generated
new interest in periodicity as a pitch cue,
and theories of pitch perception that em-
phasized the periodicity of the waveform
envelope (6) or the fine structure of the
stimulus (7) were developed.

Complex waveform periodicity has al-
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so been proposed as a cue for the per-
ception of timbre and the lateralization
of high-frequency (> 2000 Hz) complex
stimuli. In timbre perception, the per-
ceived roughness of a complex sound
changes as the prominence of the stimu-
lus envelope is altered (8). In sound lat-
eralization, low-frequency sine waves
can be lateralized by periodicity cues,
but high-frequency sine waves cannot.
When the high-frequency signal is com-
plex and has a low-frequency envelope,
however, the signal can be lateralized on
the basis of its envelope periodicity (9).
Thus the inherent periodicity of complex
stimuli may have significance for the per-
ception of pitch and timbre and for the
lateralization of high-frequency sounds.

Recently Smith e al. (10) recorded a
frequency following response (FFR) to
the missing fundamental. The FFR is an
auditory brainstem response that is gen-
erally accepted to be a representation of
neural periodicity. The finding of Smith
et al. is important because it shows that
the periodicity of the missing fundamen-
tal is available at the brainstem and that
it could be used as a temporal cue for
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