
cause retinal RK decreases the cyclic 
nucleotide response to photon stimula- 
tion (4 ) ,  we suspect that pineal RK is 
involved in the regulation of cyclic nu- 
cleotide responsiveness of pinealocytes 
to adrenergic stimulation (15, 16). Final- 
ly, because rhodopsin regulates phos- 
phodiesterase activity, we speculate that 
the pineal adrenoceptor substrate of RK 
regulates phosphodiesterase. The phos- 
phorylation of p-adrenoceptors associat- 
ed with modulation of responsiveness 
has been reported (17); the kinase in- 
volved might be RK. 

The presence of RK activity in diverse 
tissues suggests that this, or a closely 
related, enzyme functions in these tis- 
sues to phosphorylate related integral 
membrane receptors, each of which may 
have evolved from the same ancestral 
receptor molecule. 

The finding of RK in the pineal gland is 
only one in a series of findings that 
biochemically link the mammalian eye 
and pineal gland. First, both the retina 
and pineal gland contain hydroxyindole- 
0-methyltransferase, an enzyme of limit- 
ed distribution, which converts N-ace- 
tylserotonin to melatonin (18). Second, 
as mentioned above, both tissues contain 
the S antigen (9). Third, the occurrence 
of bilateral retinal blastomas is often 
followed by the appearance of a pineal 
tumor-a syndrome described as trilater- 
al blastoma (19). Although function may 
have changed during evolution as the 
mammalian pineal gland lost its photo- 
receptor function and became entirely 
neurosecretory ( l l ) ,  both the retina and 
pineal gland are biochemically more sim- 
ilar in mammals than is generally ac- 
knowledged. Recognition of this relation 
might allow pineal and retinal biochem- 
ists to benefit from advances in each 
other's field. 
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Caffeine and Related Methylxanthines: Possible 
Naturally Occurring Pesticides 

Abstract. Natural and synthetic methylxanthines inhibit insect feeding and are 
pesticidal at concentrations known to occur in plants. These effects are due primarily 
to inhibition of phosphodiesterase activity and to an increase in intracellular cyclic 
adenosine monophosphate. At  lower concentrations, methylxanthines are potent 
synergists of other pesticides known to activate adenylate cyclase in insects. These 
data suggest that methylxanthines may function as natural insecticides and that 
phosphodiesterase inhibitors, alone or in combination with other compounds, may 
be useful in insect control. 

The methylxanthines, including caf- 
feine and theophylline, are found in the 
berries, seeds, and leaves of a number of 
species, including tea, coffee, cocoa, and 
kola (1). Although rnethylxanthines are 
frequently used as stimulants by the hu- 
man population ( 2 ) ,  little is known about 
their natural function in plants. It is 
known, however, that many plants pro- 
duce endogenous substances which can 
discourage insect feeding. These include 

specific toxins, compounds with phero- 
mone-like activity, and bitter-tasting 
aversive substances (3). This study pre- 
sents evidence that the rnethylxanthines 
have pestistatic and pesticidal activity 
and describes the biochemical mecha- 
nisms by which such activity may oc- 
cur. 

In most experiments, tobacco horn- 
worm (Manduca sexta) larvae were used 
to study pestistatic and pesticidal effects, 
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because this species can be synchro- 
nously hatched and easily raised on ei- 
ther artificial or natural food. Before 
examining the effects of methylxan- 
thines, I first investigated whether tea or 
coffee has any pestistatic or pesticidal 
activity. Finely powdered tea leaves 
(Camellia sinensis) or powdered coffee 
beans (Coffea arabica) were added at 
various concentrations to a liquid artifi- 
cial medium, which was then placed in 
small petri dishes and allowed to harden. 
First instar larvae were then housed in 
these dishes. At concentrations from 0.3 
to 10 percent (by weight) for coffee (Fig. 
1A) and from 0.1 to 3 percent for tea, 
there was a dose-dependent inhibition of 
feeding associated with hyperactivity, 
tremors, and stunted growth. At concen- 
trations greater than 10 percent for cof- 
fee or 3 percent for tea larvae were killed 
within 24 hours. 

To investigate the possible contribu- 
tion of endogenous methylxanthines to 
these effects, I next examined the action 
of purified methylxanthines on larvae 
raised on either artificial or natural food. 
When added to artificial medium, caf- 
feine (the major methylxanthine found in 
tea and coffee) exerted effects that were 
qualitatively similar to those described 
above. In addition, the concentration of 
purified caffeine required for 50 percent 
inhibition of weight gain was nearly iden- 
tical to the concentration of endogenous 
caffeine in the coffee-medium mixture 
that caused 50 percent inhibition of 
weight gain (Fig. 1A). Dried tea leaves, 
which contain two to three times the 
caffeine of dried coffee beans, were 
about two to three times as effective as 
coffee beans in inhibiting weight gain 
(data not shown). Furthermore, the con- 
centrations of caffeine found naturally in 
undried tea leaves (0.68 to 2.1 percent) 
or coffee beans (0.8 to 1.8 percent) were 
sufficient to kill most Manduca larvae, 
suggesting that naturally occurring meth- 
ylxanthines could function as endoge- 
nous insecticides (4,5).  When applied as 
a spray to natural feeding substrates 
such as tomato leaves, caffeine, theo- 
phylline, or the synthetic compound 3- 
isobutylmethylxanthine (IBMX) exerted 
pestistatic and pesticidal effects that re- 
sulted in leaf protection (Fig. 1, B and 
C). 

Certain other insect species in addition 
to Manduca sexta were affected by 
methylxanthines. IBMX (mixed in ap- 
propriate artificial medium) inhibited 
food consumption by mealworm larvae 
[Tenebrio spp.; median effective dose 
(EDSo), 0.1 to 0.3 percent], butterfly lar- 
vae (Vanessa cardui; EDso, 0.1 to 0.3 
percent), and milkweed bug nymphs 
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(Oncopeltus fasciatus; EDJo, 0.3 per- 
cent); in solution, IBMX killed mosquito 
larvae (Culex spp.; EDJo, 0.0007 per- 
cent). Adult flour beetles (Tribolium con- 
fusum and T. castaneum) were unaffect- 
ed by doses of IBMX up to 3 percent 
however, in long-term tests, IBMX 
(EDSo, 0.2 percent) inhibited reproduc- 
tion of these two species. 

In vertebrate tissues, methylxanthines 
are known to inhibit phosphodiesterase 
(PDE) enzymes, which hydrolyze adeno- 
sine 3',5'-monophosphate (cyclic AMP) 
(2, 6). I therefore investigated whether 
methylxanthines could inhibit PDE ac- 
tivity in Manduca nerve cord and, if so, 
whether the degree of such inhibition 
was related to observed pestistatic activ- 
ity. The dose-dependent inhibition of 
nerve cord PDE activity by the methyl- 

xanthines (Fig. ID) showed a similar 
pattern of activity (that is, rank-order 
potency and relative efficacy) to the inhi- 
bition of leaf consumption by these same 
methylxanthines (Fig. 1C). 

To determine whether the doses of 
methylxanthines (see Fig. 1, B and C) 
ingested by the larvae (causing pestista- 
tic and pesticidal activity in vivo) were 
actually absorbed by the animals and 
were sufficient to inhibit PDE in vivo, I 
performed additional studies to estimate 
concentrations of methylxanthine pre- 
sent in tissue after 3 days of feeding 
larvae on various doses of theophylline- 
treated leaves (7). In these studies, lar- 
vae feeding on leaves treated with a 1 
percent spray (an amount causing about 
50 percent inhibition of leaf consump- 
tion) were found to contain an internal 
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Fig. 1. (A) Effect on tobacco hornworm body weight of powdered coffee beans or caffeine 
incorporated into artificial medium (Carolina Biological Supply). Weight (mean 2 standard 
error of the mean, n = 5) was measured at the end of 7 days. The caffeine content of coffee 
beans was determined spectrophotometrically after selective extraction and separation by thin- 
layer chromatography. (B and C) Dose-dependent inhibition of leaf consumption (antifeeding 
effect) in a typical experiment with caffeine (pictured in B) and a summary of three experiments 
with IBMX (e), caffeine (A), theophylline (O), and 8-phenyltheophylline (0) (quantitated in C). 
Isolated, hydrated tomato leaves were sprayed with the compounds or with vehicle (usually 
methanol) at the concentrations shown, allowed to dry, and placed in closed plexiglass 
containers. A group of six 3-day-old tobacco hornworm larvae (initially reared on artificial 
medium) were then placed on each leaf, and the amount of leaf remaining was measured at the 
end of 4 days. Values shown are means (2 standard error of the mean for three experiments) of 
leaf area expressed as percent of control area. (D) Effect of the same methylxanthines on 
inhibition of cyclic AMP phosphodiesterase activity in homogenates of hornworm nerve cord. 
Nerve cords were dissected from larvae (40 to 60 mm long), cleaned, and homogenized (2mgIml) 
in 6 mM tris-maleate (pH 7.4). Phosphodiesterase activity was measured in an assay system 
containing (in 0.1-ml total volume) 80 mM tris-maleate (pH 7.41, 6 mM MgS04, IO-'M 3H- 
labeled cyclic AMP, and 0.02 ml of tissue homogenate with or without drug. The rate of 
formation of 3~-labeled 5'-AMP was measured (23) during a 4-minute incubation at 30°C. Under 
these conditions, enzyme activity was linear with respect to time and enzyme concentration. 
Values shown are means 2 standard error of the mean for three separate experiments. 



theophylline concentration of 4.1 i 1.1 
mM (mean +. standard deviation for two 
groups of six pooled animals). Such a 
concentration was sufficient to cause 
more than 80 percent inhibition of PDE 
activity in hornworm nerve cord in vitro. 
This observation helps to rule out the 
possibility of adenosine receptors acting 
as a mechanism for the inhibition of leaf 
consumption (antifeeding effects) of the 
methylxanthines since, in vertebrates, 
methylxanthines such as theophylline 
are competitive adenosine receptor an- 
tagonists but exert such antagonism at 
much lower concentrations, typically 1 
to 25 p,M (8). Thus, in the present experi- 
ments, a 0.1 percent spray of theophyl- 
line, which had little effect on feeding, 
resulted in concentration of theophylline 
in tissue (-400 LMI which would have 
been sufficient birthally completely to 
block adenosine receptor binding (8). 

In addition, whereas caffeine has been 
re~or ted  to be tenfold weaker than theo- 
phylline as an adenosine antagonist (8), 
caffeine was somewhat more potent than 
theophylline in preventing leaf-eating 
and about equipotent as a PDE inhibitor 
(Fig. 1, C and D). Also, whereas IBMX 
and theophylline are roughly equipotent 
in blocking adenosine receptors (8), 
IBMX was about tenfold more potent 
both in disruption of feeding and in PDE 
inhibition (Fig. ID). Furthermore, the 
potent adenosine antagonist 8-phenyl- 
theophylline [inhibition constant (Ki) for 
adenosine receptors, 0.12 to 1.0 p,M (8, 
9)] exerted little antifeeding effect and 
was a weak PDE inhibitor (Fig. 1, C and 
D). Finally, the nonxanthine papaverine 
was a potent inhibitor of both insect PDE 
(Ki, 40 p,M) and the ability of Manduca 
to feed (EDSo, 0.1 percent spray). Unlike 
the methylxanthines, papaverine is an 
inhibitor of adenosine uptake, and it po- 
tentiates, rather than blocks (as do meth- 
ylxanthines), physiological effects on 
adenosine receptors (10). Taken togeth- 
er, these data are more consistent with a 
mechanism of action related to inhibition 
of PDE than to blockade of adenosine 
(11). 

Furthermore, other experiments sug- 
gested that the effects described above 
were probably not due to the reported 
calcium-mobilizing effects of the methyl- 
xanthines (12, 13). Specifically, methyl- 
xanthines are known to mobilize calcium 
from the sarcoplasmic reticulum, an ef- 
fect blocked by diltiazem or procaine, 
and in the present experiments neither 
diltiazem nor procaine reversed the anti- 
feeding effects of IBMX (12, 14). Methyl- 
xanthines may also affect calcium move- 
ment across the plasma membrane (12, 
15), and in the present studies D-600, 
verapamil, and nimodipine, which are 

Time (hours )  

Fig. 2. Time-course experiment showing the 
synergistic effect of caffeine and didemeth- 
ylchlordimeform (DDCDM, an octopamine 
agonist) compared with the effects of either 
compound alone on consumption of tomato 
leaves sprayed with the various agents. The 
experimental procedure was similar to that 
described in the legend to Fig. 1C. Values 
shown are the mean k range of duplicate area 
measurements expressed as a percent of total 
(starting) area and are typical of those seen in 
two to four replicate experiments. Symbols: 
(@) control; (A) caffeine (0.1 percent); (0) 
DDCDM (0.01 percent); (A) caffeine 
+ DDCDM. 

known to block plasma membrane calci- 
um channels, were unable to block the 
pestistatic or pesticidal effects of IBMX. 

In other studies, I have reported that 
the formamidine pesticides are octopa- 
minergic agonists and potent activators 
of adenylate cyclase in insects, stimulat- 
ing the synthesis of intracellular cyclic 
AMP (16). By inhibiting breakdown of 
cyclic AMP, the methylxanthines should 
enhance receptor-mediated action of 

Table 1. Effect of various octopamine ago- 
nists in the absence or presence of isobutyl- 
methylxanthine (IBMX) on cyclic AMP con- 
tent of Manduca sexfa nerve cord. Nerve 
cords from larvae (40 to 60 mm long) were 
dissected; each cord was cut into 5-mm seg- 
ments, and 6 to 8 segments were placed per 
tube in 0.3 ml of oxygenated insect saline (22). 
After incubation for 10 minutes, the drug or 
drugs listed were added, and the tubes were 
incubated for 5 minutes at 25°C and then 
boiled for 2 minutes. The contents of each 
tube were then homogenized and centrifuged, 
the supernatant was assayed in duplicate for 
cyclic AMP content by binding assay (23), 
and the sediment was assayed for protein 
content. The values (mean * standard error 
of the mean for three experiments) show the 
cyclic AMP content as a percent of control 
activity (6.25 f 1.05 pmol per milligram of 
protein for six replicates). 

Cyclic AMP 

Com- (percent of control) 

pound* Without With 
IBMX IBMX 

DDCDM 540 t 380 1110 + 270 
NC7 220 r 20 1390 t 300 

*The conckntration of all compounds and IBMX was 
0.1 mM. 

such octopamine agonists. Accordingly, 
it was of interest to determine whether 
methylxanthines would enhance the pes- 
ticidal activity of the formamidines or of 
certain other octopamine agonists (17). 

Leaves treated with a low dose of 
caffeine or with a low (minimally toxic) 
dose of the formamidine pesticide dide- 
methylchlordimeform (DDCDM) were 
eaten by a hornworm larvae at a rate 
similar to that for control leaves (Fig. 2). 
However, when caffeine was combined 
with an identical amount of DDCDM, 
marked inhibition of feeding occurred 
and, by day 6, all larvae were dead. 
Synergism was also observed when 
DDCDM was combined with theophyl- 
line or IBMX. To quantitate this syner- 
gism, I next tested various concentra- 
tions of a primary octopaminergic pesti- 
cide in the absence or presence of a fixed 
dose of methylxanthine and measured 
remaining leaf area at the end of 4 days. 
In the absence of IBMX, the EDso of 
DDCDM for inhibition of leaf consump- 
tion was about 0.2 gram-percent; in the 
presence of IBMX (0.1 percent spray), 
the EDSo of DDCDM was 0.003 percent. 
In other words, IBMX shifted the 
DDCDM dose-response curve to the left, 
causing more than a 50-fold increase in 
potency of the octopamine agonist. Simi- 
lar enhancements were seen when IBMX 
was combined with other formamidines, 
including chlordimeform and monode- 
methylchlordimeform (18). IBMX also 
enhanced the pesticidal potency of non- 
formamidine octopamine agonists, such 
as 2-(2-methyl,4-chlorophenylimino)imi- 
dazolidine (NC7) (30-fold increase in po- 
tency) and 4-fluorophenylethanolamine 
(100-fold increase) (17). Furthermore, 
octopamine (0.1 to 1 percent spray), al- 
though exerting little antifeeding effect 
alone, had substantial antifeeding activi- 
ty when combined with 0.1 percent 
IBMX. 

As a result of the findings from these 
experiments, I next investigated whether 
IBMX, alone or combined with a pri- 
mary octopamine agonist, would actual- 
ly increase the cyclic AMP content of 
insect tissues and whether this content 
would be correlated with observed pesti- 
cidal effects. IBMX alone (0.1 mM) 
caused more than a doubling of tissue 
cyclic AMP content when intact, isolat- 
ed Manduca nerve cords were incubated 
under physiological conditions (Table 1). 
Furthermore, when combined with vari- 
ous primary octopamine agonists, 0.1 
mM IBMX caused synergistic increases 
in cyclic AMP content. In other experi- 
ments with live larvae, the rank-order 
pesticidal effectiveness of these same 
combinations (on the basis of the EDso 



value of the octopamine agonist for in- 
hibition of leaf consumption) was 
DDCDM + IBMX = NC7 + IBMX-OC- 
topamine + IBMX = DDCDM alone 
> NC7 alone > octopamine alone (al- 
most inactive). Thus, pesticidal effec- 
tiveness of various octopamine agonists, 
alone or combined with IBMX, agreed 
well with the ability of these same 
agents, alone or in combination, to in- 
crease tissue cyclic AMP (Table 1). 

These data, together with the follow- 
ing additional observations, provide sup- 
porting evidence for an involvement of 
cyclic AMP in the primary and synergis- 
tic pesticidal effects of the methylxan- 
thines. (i) Forskolin, a diterpene that 
appears to activate the catalytic subunit 
of adenylate cyclase directly (19), stimu- 
lated cyclic AMP production in horn- 
worm nerve cord in the absence of cal- 
cium and, in leaf-eating experiments, 
caused a disruption of feeding that was 
enhanced by IBMX. (ii) IBMX did not 
enhance the pesticidal effects of certain 
insecticides, including DDT (a chlorinat- 
ed hydrocarbon), chlorp yriphos (organo- 
phosphate), and Karathane, none of 
which stimulated adenylate cyclase ac- 
tivity in insects in vitro. (iii) The meta- 
hydroxy isomer of octopamine was at 
least ten times less potent than octopa- 
mine (where the hydroxyl is in the para 
position) in activating octopamine-sensi- 
tive adenylate cyclase in insects; like- 
wise, in the presence of IBMX, the meta 
isomer of octopamine showed no pesti- 
static or pesticidal activity whereas octo- 
pamine did. (iv) Among several phenyl- 
iminoimidazolidine derivatives, there was 
a rank-order correlation between the abil- 
ity to activate adenylate cyclase in horn- 
worms and the ability to disrupt their 
feeding on tomato leaves. (v) Finally, lip- 
id-soluble cyclic AMP analogs such as 
the p-chlorophenylthio derivative of cy- 
clic AMP were observed to disrupt feed- 
ing. These analogs, which were found in 
vitro to undergo significant hydrolysis 
by PDE activity in nerve cord (an effect 
blocked by IBMX), had their antifeeding 
activity in vivo enhanced by IBMX. 

Taken together, these data suggest 
that the pestistatic and pesticidal effects 
of the methylxanthines are mediated 
through an alteration of concentrations 
of cyclic AMP in tissue, most likely 
secondarily to an inhibition of PDE. 
These findings also suggest that naturally 
occurring methylxanthines could func- 
tion as endogenous insecticides. Finally, 
these results raise the possibility that 
methylxanthines or nonxanthine PDE in- 
hibitors may be of some practical use in 
pest control, either alone or as synergists 
of certain other primary pesticides. In 

the latter case, potential toxicity for 
mammals could be reduced by targeting 
the primary pesticide at a receptor-asso- 
ciated adenylate cyclase (for example, 
octopamine) found primarily or exclu- 
sively in invertebrates (20, 21). 

JAMES A. NATHANSON 
Department of Neurology, Harvard 
Medical School, Neuropharmacology 
Research Laboratory, Massachusetts 
General Hospital, Boston 021 14 
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Regulation of a Hybrid Gene by Glucose and 
Temperature in Hamster Fibroblasts 

Abstract. A novel eukaryotic hybrid gene has been constructed from the 5' 
sequence of a rat gene and the bacterial neomycin-resistance gene. After transfec- 
tion into hamsterjbroblasts, the neo transcripts can be induced to high levels by the 
absence of glucose. Furthermore, this hybrid gene can be regulated by temperature 
when it is introduced into a temperature-sensitive mutant cell line. 

The ability to introduce defined DNA 
segments into mammalian cells is a pow- 
erful tool for studying the regulation of 
eukaryotic gene expression and for iden- 
tifying specific DNA sequences respon- 
sible for such regulation. We have been 
using DNA-mediated gene transfer tech- 
niques to study the regulated expression 
of a set of "glucose-regulated proteins" 
(GRP's) in mammalian cells. The GRP's 
are cellular proteins synthesized consti- 
tutively at low but detectable levels un- 
der normal tissue culture conditions or in 
whole organs; yet their synthesis is 
markedly enhanced in response to glu- 
cose starvation or exposure to inhibitors 

of glycosylation (I). The most abundant 
GRP in chicken, hamster, rat, mouse, 
and human cells is a 78-kilodalton pro- 
tein. While a one- to twofold increase in 
GRP78 can be detected after heat shock 
of the cultured cells, it is distinct from 
the major 72- to 73-kilodalton heat shock 
protein commonly observed in mammali- 
an cells (1, 2). 

We and others have described a tem- 
perature-sensitive (ts) hamster mutant 
cell line, K12, which overproduces the 
GRP's by a factor of 20 to 50 when the 
cells are incubated at the nonpermissive 
temperature, 40.5"C (3). Since the mes- 
senger RNA (mRNA) for GRP78 is also 




