B C

possible to assign each linkage group
to the metaphase chromosome carry-
ing it by applying fluorescent staining
to metaphase material from stocks
carrying various translocations. Other
chromosomal rearrangements, such as
inversions (8), may also be useful for
this purpose. When more linkage groups
have been assigned to chromosomes
identified by fluorescent staining and a
generally accepted standard fluorescent
karyotype for the mouse has come into
existence, it may prove desirable to ad-
just the numbering system for mouse

Fig. 2. Distribution profiles of fluorescent
intensity for submetacentric marker chro-
mosomes (A) and for normal No. 10’s
(B) and No. 19’s (C). Maximums on the
curves represent bright bands on the chro-
mosomes, and minimums represent dark
bands. Unbroken lines represent chromo-
somes from mice homozygous for the
translocation (A) or from normal mice
(B and C). Dotted and dashed lines rep-
resent chromosomes from two different
heterozygous cells. The curves for the sub-
metacentrics (A) have been arranged
with the region corresponding to the
short arms on the right. Curves for No.
10’s (B) are arranged with the centro-
mere region to the right, whereas the
curves for the No. 19s (C) have the
centromere regions to the left.

linkage groups so that each linkage
group has the same number as its
chromosome, the chromosomes being
numbered according to their relative
length within the standard fluorescent
karyotype.
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Persistent Increase in Brain Serotonin Turnover
after Chronic Administration of LSD in the Rat

Abstract. Lysergic acid diethylamide at doses of 20 micrograms per kilogram
per day was administered orally to rats for 1 month. Eighteen hours after the
final dose a 25 to 30 percent increase in the synthesis and turnover of serotonin
was noted, as well as a moderate but significant increase in the concentration of
tryptophan (18 percent) and serotonin (13 percent) in the brain.

Several kinds of psychiatric disorders
have been found among the chronic
users of lysergic acid diethylamide
(LSD-25), ranging from mild anxiety
to panic reactions and long-lasting
schizophreniform psychoses (7). Since
the half-life of an acute dose of LSD-
25 in man is reported to be very short
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(2), the behavioral alterations among
the chronic users of the drug might be
associated with some persistent meta-
bolic effects of the chronic use of
LSD-25.

Therefore, we have studied possible
persistent effects on the cerebral metab-
olism of serotonin in the rat, produced

by the chronic administration of LSD-
25 in small doses similar to those en-
countered in man. Serotonin metab-
olism was selected as an object of study
becausz some current hypotheses sug-
gest that altered metabolism of in-
doleamines may be important in the
mechanism of action of LSD-25 (3)
and may also occur in various behav-
ioral disorders in man (4).

Male Sprague-Dawley rats, weighing
150 to 160 g at the beginning of the
experiment, were used. Lysergic acid
diethylamide (20 pg/kg dissolved in 1.0
ml of water) was given to the rats
through an oro-gastric cannula once a
day at 5:00 to 7:00 p.m. for 1 month.
The dose of LSD-25 was increased
daily according to weight gain. Control
animals received the same volume of
water only. The weight gain of LSD-
treated rats was 97 percent of that of
the control group at the moment of
death. There were no grossly evident
behavioral changes in the LSD-treated
animals in any period of the treatment.
Sixteen to 20 hours after the last dose
of LSD-25, 10 uc of uniformly labeled
L-[*H]tryptophan (New England Nu-
clear Co., 5 ¢/mmole) in 25 ul of a
physiological saline solution were in-
jected intracisternally (5) under light
ether anesthesia. Fifteen minutes later
the rats were decapitated. The brains
were removed, weighed, and homoge-
nized in 6.0 ml of 1.0N HCl in 0.5 per-
cent (wt/vol) ascorbic acid. After
centrifugation at 30,000g for 10 min-
utes, the resulting pellets were resus-
pended in 3.0 ml of the homogeniza-
tion medium, recentrifuged, and
discarded. After the addition of a drop
of 2 percent (wt/vol) ethylenediamine-
tetraacetic acid the pH of the combined
supernatants was adjusted to 6.9 with
1.ON NaOH. After centrifugation at
30,000g for 10 minutes, the tissue ex-
tracts were poured over Amberlite
CG-50 columns at pH 6.1 (H+ form)
(6). Serotonin that adhered to the
column was eluted with 3.5N HCI,; its
concentration in the eluate was mea-
sured fluorometrically (7). The pH of
the material from the Amberlite col-
umns’ effluent was adjusted to 1.5 with
1.0N HCI, and passed through a Sepha-
dex G-15 column (0.5 g of dry Sepha-
dex in 0.1N HCI) (6). The effluent of
the Sephadex column was then poured
over a Dowex 50 column (200 to 400
mesh, H+ form). The 5-hydroxyindole-
acetic acid (SHIAA) retained by the
Sephadex column was eluted with 2.5
ml of 0.02N NH,OH and extracted,
and its concentration was then mea-
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sured fluorometically (8). The amino
acids adhering to the Dowex column
were eluted with 8 ml of 0.5N NH,OH.
This eluate was neutralized and trypto-
phan was converted to norharman,
which was extracted and measured flu-
orometrically (9). The radioactivity of
various fractions was measured by
liquid scintillation spectrometry (10).
The radioactivity of [3H]tryptophan
was measured in an aliquot of the nor-
harman extract (9).

Chronic intragastric administration
of LSD-25 (20 ug/kg per day) to rats
for 1 month had persistent effects on
the cerebral metabolism of serotonin
(Table 1). Thus, 18 hours after the
final dose of LSD-25, the concentration
of serotonin in brains of animals
treated with LSD-25 was significantly
increased by a small amount (13 per-
cent, P <.05). The radioactivity of
[3H]serotonin derived from the intra-
cisternally injected [*H]tryptophan was
found to be increased in the rats treated
with LSD-25 (32 percent, P <.02).
Furthermore, the radioactivity of [3H]-
SHIAA was similarly increased in the
LSD-25 treated rats (27 percent, P <
.01), while the concentration of en-
dogenous SHIAA was apparently un-
changed. Moreover, the concentration
of endogenous tryptophan, the pre-
cursor of serotonin, was increased sig-
nificantly in the rats treated with LSD-
25 (18 percent, P < .02), but the ap-
parent increase in the radioactivity of
this fraction (20 percent) failed to
reach statistical significance.

Thus, it is likely that the synthesis
and turnover of serotonin in the brain
were persistently increased after the
chronic administration of relatively
small doses of LSD-25 in the rat. It is
of interest that the endogenous level of
SHIAA was not found to increase, de-
spite the clearly increased rates of for-
mation of serotonin. This finding is not
consonant with the suggestion that
levels of SHIAA alone may provide a
sensitive index of neuronal serotonin
turnover (I1). The observed increase
in brain serotonin synthesis, even 18
hours after the final intragastric dose of
LSD-25, would not be predicted from
the acute metabolic effects of LSD-25
previously reported (12).

The acute effects of a single high
dose of LSD-25 on serotonin metab-
olism in the brain include a decrease
in the conversion of tryptophan to sero-
tonin and a transient increase in the
level of endogenous serotonin. Com-
parison of these findings with the pres-
ent observations is made difficult since

t OCTOBER 1971

" Specific activity (dpm/nmole)

Table 1. Effects of chronic administration of LSD-25 (20 ug/kg per day, or its vehicle
intragastrically) on the tryptophan-serotonin-5-hydroxy-3-indoleacetic acid pathway in the
rat brain. Rats were treated once a day for a month; 18 hours after the last dose of LSD-25
the animals were given 10 uc of [*H]tryptophan intracisternally and decapitated 15 minutes
later. Data are accumulated from two to four separate experiments and are expressed as
means = S.E.M., with the number of animals in parentheses. The probability was calculated
by Student’s t-test. Abbreviation: dpm, disintegrations per minute.

Percent
Measurement Control LSD-25 treated of
control
Tryptophan
Content (nmole/g) 25.10 = 0.69 (25) 29.51 =147 (24) 118%

Disintegrations per minute
per whole brain
Specific activity (dpm/nmole)

765,929 + 58,611 (13)

15,985 + 1,197 (13)

920,819 = 83,547 (12) 120

16,749 = 1,123 (12) 105

Serotonin

Content (nmole/g)
Disintegrations per minute
per whole brain

2.84 = 0.06 (25)
16,454 = 1,139 (25)

3,035 = 212 (25)

5-Hydroxy-3-indoleacetic acid

Content (nmole/g)

Disintegrations per minute
per whole brain

Specific activity (dpm/nmole)

1.71 = 0.07 (20)
4,461 = 278 (20) -

1,367 = 101 (20)

320+ 0.15 (26) 113%
21,703 % 1,700 (24) 132%
3,640 = 266 (24) 120+
1.68 = 0.08 (18) 98
5,661 322 (18) 127%
1,763 = 107 (18) 129%

*P <02, TP <.05. PP <0

very high doses of LSD-25 (130 to
5000 pg/kg) were used in the former
experiments, and since the route of
administration of LSD-25 and the la-
beled precursor, as well as the time
elapsed between the last dose and kill-
ing, were different. Single doses of
LSD-25 below 130 pg/kg have been
reported not to alter endogenous sero-
tonin levels in the brain (12). Further-
more, in acute experiments using the
same methods employed in the present
study no alterations of serotonin metab-
olism were found 1 hour after the small
dose of LSD-25 (20 pg/g) (13). By
using the same method, we have previ-
ously found a moderate decrease of
serotonin turnover and an increase of

* serotonin concentration concomitant

with a fall of SHIAA 45 minutes after
a single injection of a large dose of
LSD-25 (600 pg/kg) (14). The latter
results are quite different from the pres-
ent data with small amounts of chron-
ically administered LSD-25, but similar
to previous results with large doses of
the drug (12).

The relatively small doses of LSD-25
used in the present experiments have
also been found previously to lead to
a reversible cessation of the firing of
units in the midbrain raphe nuclei (15),
which are known to contain serotonin
(16). However, this fact cannot be cor-
relatcd readily with the present meta-
bolic findings, as the reported cessation
of the firing lasted only a few minutes
after an acute dose of LSD-25, and
chronic effects were not studied. Since
the electrical stimulation of the raphe
cells can increase the turnover of sero-

tonin in the brain (I7), it would be
well to study firing rates of these cells
after the chronic administration of
LSD-25.

The increase in the concentration of
tryptophan in the brain which is noted
might at least partially account for the
observed stimulation of serotonin syn-
thesis, as the activity of the first step
of the synthesis, tryptophan hydroxyla-
tion, is believed not to be saturated
with the endogenous levels of the sub-
strate (/8). Recently it has been shown
that the acute administration of LSD-
25 ' or other psychotomimetic sub-
stances is also followed by increased
tryptophan concentrations in the brain
(19).

In conclusion, the oral administra-
tion of relatively small doses of LSD-
25 to rats, similar to those used by
man, for 1 month, resulted in increased
rates of formation and turnover of
serotonin in the brain. These changes
persisted for at least 18 hours after the
final dose of the drug. Unlike the acute
effects of very large doses of LSD-25,
it is possible that the chronic use of
LSD-25 by man may cause similar per-
sistent metabolic changes. While there
is yet no evidence that changes of sero-
tonin metabolism occur in psychoses, it
would be of interest to study this pos-
sibility in chronic users of LSD-25,
who sometimes develop profound psy-
chiatric abnormalities (7).

JosE-Luis Diaz*
MatTi O. HUTTUNENT
Psychiatric Research Laboratories,
Massachusetts General Hospital,
Boston 02114
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Nonconversion of o,p’-DDT to p,p’-DDT
in Rats, Sheep, Chickens, and Quail

Abstract. The finding of appreciable quantities of p,p’-DDT after feeding
0,p"-DDT to rats led to the proposal of a theory.that an isomeric metabolic
conversion occurs. The presence of p,p’-DDT as an impurity in supposedly pure
samples of 0,p’-DDT is the correct explanation for the appearance of p,p’-DDT.
Purified o,p’-DDT and iC-labeled o,p’-DDT yielded no data to support the
idea that o,p’-DDT is converted to the p,p’-DDT isomer.

Klein et al. (1, 2) reported the sup-
posed isomeric conversion of o,p’-DDT
to p,p’-DDT in the rat (3). This
conversion was based on the finding of
appreciable quantities of p,p’-DDT
after feeding o,p’-DDT to rats. Such
a conversion would involve either (1)
splitting off the o-chlorophenyl group
from the ethane chain with subsequent
recombination to form a p,p’ molecule
or (2) replacement of the o0-Cl by
H, and chlorination of the para posi-

tion. Both of these mechanisms appear
to be unlikely biological metabolic re-
actions (4). The purpose of our study
was to demonstrate that the conversion
of 0,p’-DDT to p,p’-DDT does not oc-
cur biologically and to provide a more
logical explanation for the appearance
of p,p’-DDT after feeding pure o,p’-
DDT.

An explanation for the supposed
conversion can be given by the pres-
ence of p,p’-DDT as an impurity in

Table 1. p,p’-DDT in rats, sheep, Japanese quail, and chickens after feeding impure o,p’-DDT.

o,p’-DDT . p,p-DDT p,p’-DDT p,p’-DDT .
Species in diet (Egm:) impurity intake retained Rez;%/lgt)xon

(ppm) 4 (%) (mg) (mg)

Rat 20 98 0.4 0.118 0.065 55

40 98 0.4 0.235 0.116 49

100 22 1.3 0.453 0.322 71

Sheep-ewe 10 120 0.5 8.400 0.625 7

Lamb 10 87 0.5 2.958 1.012 34

Japanese quail 100 45 0.4 0.144 0.104 72

Chicken 150 0.6 9.700 5.004 52
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the o,p’-DDT which was fed. When a
dilute (1 pg/ml) solution of o,p’-DDT
(over 99 percent pure, Aldrich) was
analyzed by gas-liquid chromatog-
raphy (GLC) (5), a single peak
with a retention time characteristic of
0,p’-DDT is observed. When, however,
a concentrated (100 pg/ml) solution
was analyzed, the presence of p,p’-DDT
was also noted. Thin-layer chromatog-
raphy (TLC) of an equivalent sample
of this solution and subsequent GLC
analysis resulted in essentially quantita-
tive recovery of p,p/-DDT from this
supposedly pure o,p’-DDT solution.
Thus, the simple step of analyzing a
concentrated solution of o,p’-DDT,
rather than an extremely dilute one,
demonstrated the presence of p,p’-DDT.

During the past 2 years, we have
conducted experiments in which o,p’-
DDT was fed to rats (Rattus norvegi-
cus), sheep (Ovis aries L.), Japanese
quail (Coturnix coturnix japonica),
and chickens (Gallus domesticus).
Analysis of body lipid revealed that
o,p’-DDT was the major pesticidal
residue but that significant quantities of
p,p'-DDT were found (Table 1), In all
cases, enough p,p’-DDT was ingested
as an impurity to account for the p,p’-
DDT found in the animals at the end
of the experiment.

Analysis of three batches of com-
mercial o,p’-DDT are shown in Table
2. These batches (Aldrich) contained
much more p,p-DDT than did
earlier samples from the same source,
and they contained significantly more
p,p'-DDT than a sample obtained from
the Pesticide Chemicals Branch of the
U.S. Department of Agriculture
(USDA-ENT 3983). The USDA o,p’-
DDT has been prepared by isolation
from technical DDT 25 years ago in a
study of the composition of technical
DDT (6).

As additional proof that p,p’-DDT
is not formed from o,p’-DDT, pure
0,p’-DDT was prepared for subsequent
feeding trials. Samples (60 mg) of
commercial o,p’-DDT (Aldrich) were
chromatographed on 150 g of alumi-
num oxide (Merck) in a glass column
[27 mm (inside diameter) by 300 mm].
The chromatogram was developed with
300 ml of n-hexane, and each 10-ml
fraction was analyzed by GLC for the
presence of o,p’-DDT, p,p’-DDT, and
p,p’-DDE. Those fractions containing
only o,p’-DDT, usually fractions 13 to
15, were combined to provide pure
0,p’-DDT for the feeding trials. By this
technique, a product was obtained
which was 99.974 percent pure o,p’-
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