tion signal (21). The field trap design
illustrates a means of determining the
behavioral activity of repellent or inhibi-
tory pheromones under conditions simi-
lar to those in nature. trans-Verbenol,
alone or in combination with other inhib-
itors, such as verbenone (10, 22), ips-
dienol (/4), or cis-verbenol (3), may be
useful in protecting trees from attack by
D. brevicomis.

JoHN A. BYERS*
Department of Entomological Sciences,
University of California,
Berkeley 94720

References and Notes

. M. C. Birch and D. L. Wood, J. Chem. Ecol. 1,
101 (1975).

. J. A. Byers and D. L. Wood, ibid. 6, 149 (1980).

., ibid. 7,9 (1981).

. J. A. Rudinsky, Science 166, 884 (1969); ______
and R. R. Michael, ibid. 175, 1386 (1972); G. B.
Pitman and J. P. Vité, Environ. Entomol. 3, 886
(1974);J. A. Byers, J. Chem. Ecol. 9, 129 (1983).

5. R. M. Silverstein, R. G. Brownlee, T. E. Bellas,
D. L. Wood, L. E. Browne, Science 159, 889
(1968); G. W. Kinzer, A. F. Fentiman, Jr., T. F.
Page, Jr., R. L. Foltz, J. P. Vité, G. B. Pitman,
Nature (London) 22, 475 (1969); D. L. Wood et
al., Science 192, 896 (1976).

6. Both (+) and (—) enantiomers of a-pinene occur
in ponderosa pine resin, but the (—) enantiomer
predominates in California [E. Zavarin and F.
W. Cobb, Jr., Phytochemistry 9, 2509 (1970)].

7. P. R. Hughes, Z. Angew. Entomol. 73, 294
(1973).

8. J. A. A. Renwick, Contrib. Boyce Thompson
Inst. 23, 355 (1967).

, ibid. 24, 337 (1970).

. and J. P. Vité, ibid., p. 283.

11. J. A. A. Renwick, P. R. Hughes, I. S. Krull,
Science 191, 199 (1976) [in figure 2 (+)-trans-
verbenol and (+4)-myrtenol should have been
represented by the (1R, 45, SR) configuration
instead of the (1S, 4R, 55) model shown].

12. Hydroxylation of (1R)-(+)- and (15)-(—)-a-pi-

nene enantiomers (non-superimposable mirror

images) to (1R)-(+)- and (18)-(—)-trans-verbenol
enantiomers in D. brevicomis:

—_

P

a-pinene

(1R]-(+] { { (1s]-1~]

[1Rl-(+] no on l1sl-(-]

trans- Verbenol

13. J. A. Byers, D. L. Wood, L. E. Browne, R. H.
Fish, B. Piatek, L. B. Hendry, J. Insect Physiol.
25, 477 (1979).

14. J. A. Byers, J. Chem. Ecol. 8, 363 (1982).

15. The same proportions of (+) and (—) enantio-
mers found in the samples of (+) and (—)-a-
pinene were found in the beetle-produced (+)-
and (—)-trans-verbenol, as judged by the highest
reported rotations for (—)-trans-verbenol
([alp?? = —129.6°) and (+)-a-pinene ([a]p? =
+52.4°) (11).

16. The trans-verbenol had a molecular weight of
152 and mass spectra (mass-to-charge ratio) in
decreasing magnitude from a base peak of 109:
94 (59 percent of base peak), 91, 81, 119, 95, 69,
83, 137, 92, 84, 41, 67, 107, 79, and 134 which
were in agreement with spectra of other samples
of trans-verbenol obtained by G. Odham, Uni-
versity of Lund, and G. Bergstrom, University
of Goteborg, Sweden. However, the spectra
were not in agreement with those obtained by J.
A. A. Renwick (8), who reported a base peak of
119 and major fragments of 91 and 134 for trans-
verbenol obtained from D. brevicomis.

17. J. A. Byers, Insect Biochem. 11, 563 (1981).

18. J. M. Brand, J. W. Bracke, A. J. Markovetz, D.
L. Wood, L. E. Browne, Nature (London) 254,
136 (1975).

626

19. J. A. Byers and D. L. Wood, Science 213, 763
” (1981).

i , J. Craig, L. B. Hendry, in prepara-
tion.

21. J. A. A. Renwick and J. P. Vité, Nature (Lon-
don) 224, 1222 (1969); G. B. Pitman and J. P.
Vité, Can. Entomol. 101, 143 (1969); J. A.
Rudinsky and R. R. Michael, in (2).

22. W. D. Bedard, P. E. Tilden, K. Q. Lindahl, Jr.,
D. L. Wood, P. A. Rauch, J. Chem. Ecol. 6,997
(1980).

3. I thank D. L. Wood, G. O. Poinar, Jr., C.

™

Lofstedt, J. Lofqvist, and F. Schlyter for re-
views; W. F. Haddon and E. Zavarin for assist-
ance in the chemical analyses; and W. D. Be-
dard and P. E. Tilden for use of their research
facilities. Supported in part by grants from the
Rockefeller Foundation and the U.S. Forest
Service, and by Regional Research Project grant
W-110, SEA/USDA (to D. L. Wood).

* Present address: Department of Animal Ecolo-
gy, University of Lund, S-22362 Lund, Sweden.

3 August 1982; revised 2 November 1982

Recognition Sites for Norepinephrine Uptake:

Regulation by Neurotransmitter

Abstract. Recognition sites for the uptake of norepinephrine on adrenergic
neurons in the brain and periphery were labeled with [°H]desipramine. The number
of these uptake sites varied with the concentration of transmitter; depletion of
norepinephrine with reserpine reduced the number of uptake sites, whereas increas-
ing the concentration of norepinephrine induced by treatment with monoamine
oxidase inhibitors raised the number of binding sites. These dynamic alterations in
norepinephrine uptake recognition sites may regulate synaptic function homeostati-
cally, providing less inactivation of reuptake when the synaptic concentration of the
transmitter is low and increased inactivation when it is high.

The ability to label neurotransmitter
receptors by their binding of radioactive
drugs has enhanced our understanding of
synaptic processes (/). The number of
neurotransmitter receptor binding sites
varies with the concentration of synapti-
cally active transmitter, usually increas-
ing in parallel with the functional super-
sensitivity that follows a reduction in the
synaptic transmitter and decreasing with
increased transmitter (2).

Biogenic amine and amino acid neuro-
transmitters are inactivated after they

are released from synapses by specific
uptake systems at nerve terminals (3).
Recognition sites for the uptake of -
aminobutyric acid (GABA) and gluta-
mate can be labeled by PHJGABA and
[*H]glutamate, respectively, in the pres-
ence of sodium (¢4). Tricyclic antidepres-
sant drugs potently inhibit the uptake of
norepinephrine, dopamine, and seroto-
nin (5). The uptake sites for serotonin
and norepinephrine can be labeled with
[*Hlimipramine (6) and [*H]desipramine
(7-11), respectively, thereby permitting

Table 1. Effects of reserpine on central and peripheral adrenergic parameters. Reserpine (5 mg/
kg) was given subcutaneously once a day for 5 days. On day 6, rats were decapitated and
binding of [*Hldesipramine (2 nM), [*Hldihydroalprenolol (1 nM), PHIWB-4101 (1 nM), and p-
[*H]aminoclonidine (1 nM) to cerebral cortex membranes and salivary gland (submaxillary and
sublingual) membranes and the uptake of [*H]norepinephrine in crude synaptosomal prepara-
tions were determined (7, 8). Binding data are expressed as picomoles per gram of tissue,
uptake data as picomoles per gram of tissue in 5 minutes, and norepinephrine level as
nanomoles per gram of tissue. The numbers in parentheses show the percentage of control
values. Results are the mean *+ standard error of four separate determinations performed in

triplicate. N.D., not determined.

Cerebral cortex

Salivary gland

Parameter
Control Reserpine Control Reserpine
[*H]Desipramine 2.69 = 0.19 1.58 = 0.217 5.61 = 0.26 2.79 = 0.04f1
binding (norepi- 359) (50)
nephrine uptake
site)
[*H]Norepinephrine 108.4 + 2.4 27.5 +4.78% N.D. N.D.
accumulation 25)
Norepinephrine level 2.35 = 0.14 <0.01 (0.4) N.D. N.D.
[*H]Dihydroalpren- 2.64 = 0.17 3.70 = 0.12+ 2.43 £ 0.21 4.19 = 0.27%
olol binding (B-re- (140) (172)
ceptor)
[PHIWB-4101 binding 4.57 = 0.17 5.62 = 0.20% 2.60 = 0.22 2.54 £ 0.17
(ay-receptor) (123) 89)
p-[’H]Aminoclonidine 2.43 = 0.11 2.81 = 0.13 0.72 = 0.08 1.12 = 0.12
binding (a,-recep- (115) (150)
tor)
*P < .05. tP < .02. P < .005.
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amolecular analysis of uptake sites. Evi-
dence that [*H]desipramine binding la-
bles the recognition sites for norepineph-
rine uptake includes (i) a parallel be-
tween drug potencies at the binding sites
and the influence on norepinephrine up-
take, (ii) similar regional distributions of
[*H]desipramine binding and norepi-
nephrine uptake, and (iii) parallel reduc-
tions of [*Hldesipramine binding and
norepinephrine uptake after destruction
of norepinephrine neurons by neurotox-
ins or by surgical lesions (7-10). In initial
studies (7, 9-11), norepinephrine was
less than 1 percent as potent at [°H]des-
ipramine binding sites as it was in inhibit-
ing uptake accumulation at synapto-
somes. However, subsequent studies
with potassium-treated membranes and
varying sodium concentrations (8) reveal
the same affinities of norepinephrine for
both sites.

The high-affinity uptake system for
neuronal choline is influenced by synap-
tic release of acetylcholine, with in-
creases and decreases in choline trans-
port capacity linked, respectively, to in-
creases or decreases in cholinergic activ-
ity (/2). In the present study, we
demonstrated that the binding of
[*Hldesipramine associated with norepi-
nephrine uptake sites is regulated by
changes in transmitter concentration.

Depletion of central biogenic amines
with reserpine (5 mg/kg) reduced
[*H]desipramine binding in rat cerebral
cortex (Fig. 1 and Table 1). After 9 days
of treatment, [*H]desipramine binding
was reduced by 54 percent. A highly
significant reduction (25 percent) was

Fig. 1. Time course for effects of (A) reserpine
(5 mg/kg, subcutaneously), (B) reserpine (0.5
mg/kg, intraperitoneally), (C) iproniazid (20
mg/kg, intraperitoneally), and (D) reserpine
(0.5 mg/kg, intraperitoneally) plus iproniazid
(20 mg/kg, intraperitoneally) on various ad-
renergic and serotonergic parameters. Direct
binding of (OJ) 1 nM [*H]WB-4101, (O) 1 nM
p-[*Hlaminoclonidine, (A) I nM [*H]dihy-
droalprenolol, (®) 2 nM [*H]desipramine, and
(©) 2 nM [PHlimipramine to «;-, ay-, and B-
adrenergic receptors, norepinephrine uptake
recognition sites, and serotonin uptake recog-
nition sites, respectively, in rat cerebral cor-
tex membranes were measured by filtration
assays (7, 8). The uptake of (W) 50 nM ()-
[*H]norepinephrine by cerebral cortex ho-
mogenates rich in synaptosomes was deter-
mined by a filtration assay (7, 8). Levels of
(®) norepinephrine and (A) serotonin in 0.1N
perchloric acid extracts were determined by
high-performance liquid chromatography with
electrochemical detection (/8). The results
are the means of four to eight separate deter-
minations performed in triplicate and are ex-
pressed as the percentage of control values;
the controls were treated with saline during
the same time course. *P < .05, **P < .02,
and ***P < .005 compared to control.
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observed 1 day after reserpine treat-
ment, but at 2 hours, binding was not
reduced. Although reserpine depletes
the brain of serotonin as well as norepi-
nephrine, [*H]imipramine binding asso-
ciated with serotonin uptake sites was
much less affected by reserpine treat-
ment (20 percent decrease after 9 days).
Treatment with reserpine (0.5 mg/kg)

180 r

A. Reserpine (5.0 mg/kg)

100

skok ok

also decreased the binding of [*H]desi-
pramine but not of [*HJimipramine; the
decrease in [*H]desipramine binding was
greater with the larger dose of reserpine.

Although reserpine depletes dopamine
and serotonin as well as norepinephrine
from the brain, the effects of reserpine in
the salivary gland suggest that the nor-
epinephrine depletion is responsible for

B. Reserpine (0.5 mg/kg)

- %%k

10

Percentage of control

200

100

- | D. Iproniazid (20 mg/kg)
lus
C. lIproniazid (20 mg/kg) p
reserpine (0.5 mg/kg)
[ e Lo S U ON— 1 1 1 1 J
(o] 4 12 20 o 4 12 20

Days of treatment
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Table 2. Effects of reserpine and iproniazid treatment on the binding constants for [*H]dihy-
droalprenolol and [*H]desipramine binding in cerebral cortex. Reserpine and iproniazid were
given intraperitoneally once daily for 18 days. On day 19, the rats were decapitated and the
binding of [*H]desipramine and [*H]dihydroalprenolol to cerebral cortical membranes were
determined at seven different concentrations of the respective radioactive ligand in the range
0.25 to 8 nM (7, 8). The numbers in parentheses represent the percentage of control values.
Results are the means =+ standard error of three separate determinations performed in

triplicate. N.D., not determined.

[*H]Desipramine

[*H]|Dihydroalprenolol

Treatment

Bmax Bmax
Ky (nM) (pmole/g) Ky (nM) (pmole/g)
Control (saline) 2.5+0.4 73 £0.2 0.91 = 0.21 38 0.4
Reserpine (0.5 mg/kg) 3.8 0.2 5.5 £ 0.4* 0.85 £ 0.06 5.7 £ 0.2%
(75) (150)
Iproniazid (20 mg/kg) 2703 9.5 £ 0.2* N.D. N.D.
(130)

*P < .05.

the changes in [*H]desipramine binding
(Table 1). Norepinephrine is the trans-
mitter for the sympathetic nerves in the
salivary gland, where dopamine serves
only as a precursor and no substantial
levels of serotonin exist. However, treat-
ment with reserpine reduced salivary
gland [*H]desipramine binding by 50 per-
cent, which is similar to the reduction in
the cerebral cortical binding observed in
parallel experiments (Table 1).

The pharmacological efficacy of reser-
pine is apparent in its profound depletion
of endogenous norepinephrine and sero-
tonin and the marked reduction of
[*Hlnorepinephrine accumulation, both
of which reflect the impairment of the
granular storage of neuronal norepineph-
rine (Table 1 and Fig. 1).

As observed previously (/3), transmit-
ter depletion by reserpine is associated
with a marked augmentation of B-adre-
nergic receptor binding with some in-
crease in ay-adrenergic receptor binding
and an increase in o;-receptor binding in
the brain but not the salivary gland (Ta-
ble 1).

To determine whether the apparent
down regulation of [*H]desipramine
binding by reserpine was elicited by the
reduction in transmitter level, we at-
tempted to raise the norepinephrine con-
centration by treatment with the mono-
amine oxidase inhibitor iproniazid (Fig.
1). Iproniazid (20 mg/kg, intraperitone-
ally) for 18 days augmented [*H]desipra-
mine binding by 30 percent. Its effective
inhibition of monoamine oxidase was
apparent in the marked increase in en-
dogenous norepinephrine and serotonin.
As observed earlier for other monoamine
oxidase inhibitors (/4), B-adrenergic re-
ceptor binding was reduced significantly
18 days after treatment with iproniazid
(Fig. 1). To determine whether the effect
of iproniazid is related to its inhibition of
monoamine oxidase and the associated
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augmentation of amine levels, or to some
other effect, we evaluated the influence
of pargyline (10 mg/kg), a chemically
different monoamine oxidase inhibitor.
At 10 and at 18 days after daily treatment
with pargyline, a 15 percent increase in
[*H]desipramine binding was observed
(data not shown). The reduction in
[*Hlnorepinephrine accumulation result-
ing from iproniazid and pargyline treat-
ment may be related to the inhibitory
effect of these drugs on the neuronal
uptake of norepinephrine (/5).

Combined treatment with reserpine
and iproniazid elicited much less deple-
tion of norepinephrine than treatment
with reserpine alone, while endogenous
serotonin was still twice that in controls
(Fig. 1D). [PH]Desipramine binding was
not reduced at 4 or 9 days after the
combined treatment, but a significant
reduction (20 percent) was observed af-
ter 15 days.

The reduced [*H]desipramine binding
after reserpine treatment and the in-
creased binding after iproniazid treat-
ment reflect significant changes in the
number of binding sites, with no signifi-
cant change in affinity for desipramine,
although a limited nonsignificant in-
crease in the dissociation constant (Ky)
was observed after reserpine treatment
(Table 2). As observed by others (/3),
the increased f-adrenergic receptor
binding after treatment with reserpine
involves an increased number of binding
sites with no change in affinity.

The reserpine-induced reduction in
[*H]desipramine binding and the in-
crease in B-adrenergic receptor binding
are reversible. In rats treated with daily
injections of reserpine (0.5 mg/kg) for 18
days, we examined [*H]desipramine and
[*Hldihydroalprenolol binding 18 days
after the last injection when endogenous
norepinephrine levels had returned to
control values. At this time no reduction

in [*H]desipramine or increase in [*H]di-
hydroalprenolol binding could be detect-
ed. The changes in [*H]desipramine
binding elicited by reserpine or ipronia-
zid are not direct effects of the drugs
themselves, since addition of 10 wM of
either drug in vitro did not effect [*H]-
desipramine binding (data not shown).

To determine whether antidepressant
treatment itself altered [*H]desipramine
binding, we treated groups of four rats
each with daily intraperitoneal injections
of desipramine (10 mg/kg), imipramine
(10 mg/kg), or iprindole (10 mg/kg) for 18
days and killed the rats on day 19. In
brain membranes washed to remove re-
sidual drug, no alteration in [*H}desipra-
mine, [*H]imipramine, p-[*H]aminoclon-
idine, or [PHJWB-4101 binding to cere-
bral cortex membranes was apparent.
However, as reported by others (/6) this
chronic treatment with desipramine and
imipramine did produce a significant re-
duction (20 percent) in [*H]dihydroal-
prenolol binding to B-receptors (data not
shown).

Our finding that norepinephrine up-
take recognition sites are regulated by
transmitter concentration may have
functional consequences. The norepi-
nephrine uptake system inactivates syn-
aptically released transmitter, and the
efficacy of this process is dependent on
the number of available uptake sites (3).
After norepinephrine is depleted by re-
serpine, synaptic levels of the transmit-
ter are markedly reduced. Conceivably,
fewer uptake sites would facilitate the
synaptic actions of these lower norepi-
nephrine concentrations. Alternatively,
an increased number of uptake sites
would remove more rapidly the higher
synaptic levels of norepinephrine pro-
duced by inhibition of monoamine oxi-
dase.

We could not readily determine
whether the change in the number of
desipramine binding sites reflects func-
tional alterations in norepinephrine up-
take. We measured [*H]norepinephrine
accumulation’ by homogenates rich in
synaptosomes, but this process involves
uptake by the neuronal membrane and
also vesicular uptake and granular stor-
age, a process that is impaired by reser-
pine (3). The profound reduction in
[*Hlnorepinephrine uptake 2 hours after
reserpine treatment (Fig. 1) indicates
that the process of vesicular uptake and
granular storage is the principal determi-
nant of the total [*H]norepinephrine ac-
cumulation since the neuronal mem-
brane transport of norepinephrine is un-
affected by reserpine (/5). The only way
to monitor norepinephrine accumulation
by the neuronal membrane transport
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process separately from granular storage
is to use synaptosomes from reserpin-
ized preparations, an approach not alto-
gether feasible in the present experimen-
tal model.

The changes in the binding of [*H]de-
sipramine to presynaptic norepinephrine
uptake sites are in a direction opposite to
changes in binding to postsynaptic ad-
renergic receptors. However, both alter-
ations appear to reflect homeostatic at-
tempts of these synaptic systems to nor-
malize norepinephrine synaptic trans-
mission after perturbation by drugs.
Thus, depletion of norepinephrine by
reserpine gives rise to an increased num-
ber of postsynaptic adrenergic receptors,
providing a supersensitivity to the small-
er amount of synaptic transmitter.

In contrast to the substantial changes
in desipramine binding sites, treatment
with reserpine and iproniazid has little
effect on [*HJimipramine binding to sero-
tonin uptake sites. The only change de-
tected was a 20 percent reduction 9 days
after a high dose of reserpine (5 mg/kg).
Conceivably, this finding reflects a less
stringent regulation of synaptic serotonin
than of norepinephrine. Thus, injections
of tryptophan produce considerable in-
creases in the brain levels and possibly
the synaptic concentrations of serotonin,
whereas treatment with tyrosine pro-
duces much smaller changes in norepi-
nephrine (/7).
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Narcolepsy: Biogenic Amine Deficits in an Animal Model

Abstract. Concentrations of biogenic amine metabolites in discrete brain areas
differed significantly between dogs with genetically transmitted narcolepsy and age-
and breed-matched controls. Dopamine and 3,4-dihydroxyphenylacetic acid were
consistently elevated in the brains of narcoleptic animals, while homovanillic acid
was not. Narcoleptic animals consistently exhibited lower utilization of dopamine
and higher intraneuronal degradation of dopamine but no uniform decrease in
serotonin utilization. Hence neuropathology appears to be associated with genetical-
ly transmitted canine narcolepsy. The data indicate a nonglobal depression of

dopamine utilization or turnover or both.

Narcolepsy, an incurable human sleep
disorder, has been recognized for nearly
a century, but its etiology is still unde-
fined (/). The disease is characterized in
its complete form by a severe and perma-
nent daytime somnolence and by attacks
of flaccid paralysis called cataplexy.
These attacks can strike spontaneously
or be elicited by laughter, excitement,
anger, or fear. Two other frequent symp-
toms are sleep paralysis and hypnagogic
hallucinations.  Finally, polysomno-
graphic testing of narcoleptic patients
consistently shows pathognomonic peri-
ods of rapid eye movement (REM) at the
onset of sleep. Thus, human narcolepsy
is well defined pathophysiologically and
can be accurately diagnosed. Many stud-
ies have indicated that human narcolep-
sy has genetic determinants (2).

In the past decade narcolepsy has
been described in the dog and the horse
(3). At Stanford University two breeds of
dogs, Labrador retrievers and Doberman
pinschers, have been isolated that trans-
mit narcolepsy to their offspring through
an autosomal recessive mechanism (4).
A breeding colony now supplies a homo-
geneous population of affected animals.

Our early neurochemical studies were
limited to sampling cerebrospinal fluid in

narcoleptic and normal miniature poo-
dles, a breed that apparently does not
transmit the illness. The most consistent
finding was a decreased turnover of sero-
tonin in narcoleptic poodles and a trend
toward decreased turnover of catechol-
amines (5). We attempted to replicate
this result in normal and genetically nar-
coleptic Doberman pinschers. No signifi-
cant differences in monoamine metabo-
lites were found between control and
affected animals (6). This suggested ei-
ther that biogenic amines play no role in
narcolepsy in this breed or that any
deficits in the central nervous system
were too subtle or localized to be reflect-
ed in cisternal cerebrospinal fluid.

We now report the results of a direct
neurochemical analysis of brain tissues
from genetically narcoleptic Doberman
pinschers and age- and breed-matched
controls. We measured the concentra-
tions of norepinephrine, epinephrine, do-
pamine, serotonin, 5-hydroxyindoleacetic
acid (5-HIAA), homovanillic acid
(HVA), and 3,4-dihydroxyphenylacetic
acid (DOPAC) in specific brain areas
selected for study because of their sus-
pected role in regulation of sleep and
waking states.

Brains from five narcoleptic and seven
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