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Abstract 

   The molecular and neural basis of protein synthesis-dependent long-term memory (LTM) 

has been the subject of extensive studies in vertebrates and invertebrates. In crickets and 

honey bees, it has been demonstrated that nitric oxide (NO) signaling plays critical roles in 

LTM formation, but no experimental system appropriate for electrophysiological study of 

neural mechanisms by which production of NO leads to LTM formation has been established 

in insects. We have reported that cockroaches, as do dogs and humans, exhibit conditioning of 

salivation, i.e., they exhibit an increased level of salivation in response to an odor paired with 

sucrose reward. Salivary conditioning can be monitored by activity changes of salivary 

neurons in rigidly immobilized animals and thus is useful for the study of brain mechanisms 

of learning and memory. In the present study, we found that injection of cycloheximide, a 

protein synthesis inhibitor, into the hemolymph before multiple conditioning trials impairs 

formation of 1-day memory, but not that of 30-min memory. This indicates that formation of 

1-day memory requires protein synthesis but that of earlier memory does not. We also found 

that injection of L-NAME, an inhibitor of NO synthase, before multiple conditioning impairs 

formation of 1-day memory but not that of 30-min memory. We thus conclude that NO 

signaling participates in the formation of protein synthesis-dependent LTM but not that of 

earlier memory in salivary conditioning. Salivary conditioning in cockroaches should become 

a pertinent system for the study of neural mechanisms by which activation of NO synthase 

leads to LTM formation.  

(250 words) 
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1. Introduction 

   The molecular and neuronal basis of protein synthesis-dependent long-term memory 

(LTM) has been the subject of extensive studies in vertebrates and invertebrates [7]. LTM is 

defined as a protein synthesis-dependent phase of memory lasting from one day to a lifetime. 

It is usually formed by multiple pairing trials but not by a single trial. Many studies have 

suggested that LTM storage is accomplished by enduring changes in synaptic strength that 

require transcription and translation of genes [7]. This is often achieved by activation of 

cAMP signaling and resulting phosphorylation of the transcription factor cAMP responsible 

element-binding protein (CREB) [3,7]. 

   It has been reported that NO-cGMP signaling plays critical roles in the formation of LTM 

in some species of insects, namely, honey bees [1,18,20] and crickets [12,13], as in mammals 

[9] and mollusks [8,25]. Surprisingly, although molecular mechanisms of LTM formation 

have been studied in great detail in the fruit-fly Drosophila [2], there are no reports 

suggesting participation of NO in LTM formation in this species. NO is a 

membrane-permeable intercellular signaling molecule produced by NO synthase. NO diffuses 

into neighboring neurons and stimulates soluble guanylyl cyclase, which produces cGMP. In 

crickets, we pharmacologically studied signaling cascades underlying LTM formation and 

concluded that the NO-cGMP signaling stimulates the cAMP signaling, namely, the 

NO-cGMP signaling activates adenylyl cyclase and leads to cAMP production, via activation 

of CNG (cyclic nucleotide-gated) channel and calcium-calmodulin signaling, for LTM 

formation [12,13,26]. However, little is known about the neural circuitry mechanisms by 

which NO production leads to LTM formation in insects. An appropriate experimental system 

needs to be established for allowing electrophysiological and optophysiological studies on 

neural mechanisms by which NO production leads to LTM formation. 

   We have reported that cockroaches, as do dogs [24] and humans [4], exhibit salivary 

conditioning, namely, they exhibit an increased level of salivation in response to an odor 

paired with sucrose reward [27,28]. This conditioning can be monitored by changes in 
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activities of salivary neurons of the subesophageal ganglion, the axons of which run along the 

salivary duct and innervate salivary glands [27,29]. The activity of salivary neurons can be 

monitored in rigidly immobilized animals and thus this conditioning system is suitable for the 

study of brain mechanisms of learning and memory. Indeed, we have suggested, based on the 

results of a study using local brain microinjection of mecamylamine (an antagonist of a type 

of acetylcholine receptor), that the mushroom body (multisensory association center of the 

insect brain) is the site of convergence of olfactory CS and sucrose US in salivary 

conditioning [30]. 

   In the present study, we first investigated whether formation of 1-day memory after 

salivary conditioning of cockroaches is impaired by administration of cycloheximide, a 

protein synthesis inhibitor. Next, we studied whether formation of this memory phase is 

impaired by L-NAME, an antagonist of NO synthase. 

 

2. Materials and methods 

   Adult male cockroaches Periplaneta americana, maintained in a colony under a light-dark 

cycle of 12h : 12h at 28±2 C, were used. More than 1 week prior to the training, 10-20 

cockroaches were isolated from their colony and placed in a plastic container. Drinking water 

and sugar-free yeast extract were provided ad libitum. The preparation for extracellular 

recordings from salivary neurons was described previously [10,27]. In short, individual 

animals were immobilized ventral side up on a paraffin plate. The restrained cockroaches 

were kept in darkness for 1-2 hours at room temperature. A small incision was made in the 

ventral region of the neck cuticle to expose the salivary duct. The salivary duct nerve, which 

contains axons of two salivary neurons, runs along the surface of the salivary duct. Thus the 

salivary duct nerve, together with the salivary duct, was hooked on a pair of tungsten 

electrodes. The activity of salivary neurons was amplified with a differential AC amplifier and 

stored on DAT tape. The number of spikes was counted using LabVIEW software (National 

Instruments, Tokyo). For the study of effects of drugs, animals were injected with 3 l of 
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cockroach saline [27] containing drugs into the hemolymph of the head. All drugs used in this 

study were purchased from Sigma. 

   Immobilized animals were subjected to a differential conditioning procedure in which one 

of a pair of odors (peppermint and vanilla odors) applied to an antenna (conditioned stimulus, 

CS+) was paired with sucrose solution applied to the mouth (unconditioned stimulus, US) and 

the other odor was presented alone (control stimulus, CS-) (Fig. 1). Delivery of odor to an 

antenna was achieved by the use of a continuous airflow system described previously [21]. 

The air around the preparation was continuously sucked out of the experimental room by an 

exhaust system. For delivery of US, the mouth was gently touched with a bamboo skewer 

soaked in 500 mM sucrose solution. To evaluate the conditioning effect, responses of salivary 

neurons to odors were tested. Details of the conditioning trials and the retention test are given 

in the legends of Fig. 1. 

  Salivary neurons exhibit spontaneous spike activities [10,27-30]. Responses of salivary 

neurons to peppermint or vanilla odor (R) were measured as relative increase of the spike 

frequency from the spontaneous level, i.e., (Rs-Ro)/Ro, where Rs or Ro is the summed spike 

frequency of two salivary neurons during a 2-s period of odor stimulation or that during a 2-s 

period before the onset of odor stimulation, respectively [10]. It is zero when there is no 

change of spike frequency by odor stimulation. Responses of salivary neurons to vanilla odor 

and peppermint odor did not differ before conditioning [10,27,29,30]. In all experiments, 

animals were divided into two groups: one group in which peppermint odor was used as CS+ 

and vanilla odor was used as CS- and one group that received conditioning with the opposite 

stimulus contingency. Since we observed no statistical difference in the conditioning effect 

between these two groups [10,27,29,30], data from these two groups were pooled. The effect 

of conditioning was evaluated by comparing responses to CS+ and CS- using the Wilcoxon’s 

test [10]. 

 

3. Results 
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   First, we studied whether the formation of 1-day memory after conditioning requires 

protein synthesis. Cockroaches in three groups were immobilized on stages and each 

cockroach received an injection of 3 l of saline or saline containing 2.5 mM or 25 mM of 

cycloheximide into the hemolymph at 30 min prior to 5 sets of differential conditioning. At 

one day after conditioning, the animals were dissected for recording of the activities of 

salivary neurons, and then responses of salivary neurons to CS+ and CS- were tested (Fig. 

1A). The group injected with saline exhibited significantly greater responses of salivary 

neurons to CS+ than to CS- (Fig. 2A, statistical results shown in legends), indicating that 

1-day memory was formed. In contrast, the group injected with saline containing 25 mM 

cycloheximide exhibited no significantly different responses to CS+ than to CS- (Fig. 2A), 

indicating impairment of the formation of 1-day memory. The group injected with saline 

containing 2.5 mM cycloheximide exhibited significantly greater responses to CS+ than to 

CS-, indicating formation of 1-day memory (Fig. 2A). Therefore, the effect of cycloheximide 

was dose-dependent. We conclude that 1-day memory can be characterized as protein 

synthesis-dependent LTM. 

   To determine whether the effect of cycloheximide is specific to long-term (1-day) memory 

formation, we studied the effect of cycloheximide on formation of 30-min memory. 

Cockroaches were immobilized on stages and dissected for recording of the activities of 

salivary neurons. Then they were injected with 3 l saline or saline containing 25 mM 

cycloheximide at 30 min prior to conditioning. A retention test was performed at 30 min after 

completion of conditioning trials (Fig. 1B). The group injected with 25 mM cycloheximide 

exhibited significantly greater responses of salivary neurons to CS+ than to CS- (Fig. 2B), as 

did the group injected with saline solution (Fig. 2B), indicating that formation of earlier (30 

min) memory does not require protein synthesis. This observation also indicates that 

cycloheximide does not impair discrimination of odors. 

   Next, we studied the effect of L-NAME, an NO synthase inhibitor, on formation of 1-day 

memory. Three groups of cockroaches were immobilized on stages and each cockroach 
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received an injection of 3 l saline containing 50 M, 500 M or 5 mM L-NAME. Another 

group received injection of 3 l saline containing 5 mM D-NAME, an inactive isomer. Thirty 

min later, each group received five sets of differential conditioning trials. The next day, 

animals were each dissected for recording of the activities of salivary neurons and were then 

subjected to a retention test. The group injected with 500 M or 5 mM L-NAME exhibited no 

significantly different responses to CS+ than to CS- (Fig. 3A), indicating impairment of LTM 

formation. In contrast, the group injected with 5 mM D-NAME exhibited significantly greater 

responses of salivary neurons to CS+ than to CS- (Fig. 3A), indicating the formation of LTM. 

The group injected with 50 M L-NAME exhibited significantly greater responses to CS+ 

than to CS- (Fig. 3A), indicating that the effect of L-NAME is dose-dependent.  

   Finally, we studied the effect of L-NAME on 30-min memory to determine whether the 

effect of L-NAME is specific to LTM formation. Two groups of cockroaches were 

immobilized on stages and were dissected for recording of the activities of salivary neurons. 

Then each group was injected with saline containing 5 mM L-NAME or 5 mM D-NAME at 

30 min prior to conditioning. Retention was tested at 30 min after completion of the 

conditioning. Both groups exhibited significantly greater responses of salivary neurons to 

CS+ than to CS- (Fig. 3B), indicating that L-NAME does not impair formation of 30-min 

memory. We thus conclude that L-NAME specifically impairs LTM formation. 

 

4. Discussion 

   In this study we found that the formation of 1-day memory requires protein synthesis in 

olfactory conditioning of salivation, monitored by activity changes in salivary neurons, in 

cockroaches. This was in contrast to that the formation of 30-min memory does not require 

protein synthesis. To our knowledge, this study is the first to demonstrate that the general 

notion that memory after multiple conditioning trials consists of two phases: protein 

synthesis-independent earlier phase and protein synthesis-dependent later phase [1,3] is 

applicable to conditioning of autonomic function in insects. The time course of the 
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development of the later phase differs among insects [3,11,14]: the protein 

synthesis-dependent LTM develops at ~8 hours after conditioning in crickets [11] but 3 or 4 

days are needed for it to fully develop in honey bees [14] and fruit-flies [3]. The exact time 

course of the development of LTM in salivary conditioning in cockroaches needs to be 

characterized. Secondly, we found that activation of NO synthase is required for formation of 

1-day memory but not that of 30-min memory in salivary conditioning in cockroaches. 

Participation of NO signaling in formation of LTM, but not in formation of earlier memory, 

has been reported in honey bees [18,20] and crickets [12,13]. In the fruit-fly Drosophila, 

however, there is no report suggesting participation of NO in LTM formation, despite 

enormous efforts to clarify molecular and neuronal mechanisms of LTM formation [2]. 

Therefore, we need to pay attention to the possibility that molecular mechanisms of LTM 

formation differ in different insect species. In crickets, our pharmacological studies suggested 

that the NO-cGMP signaling is upstream of the cAMP signaling, namely, activation of 

NO-cGMP signaling activates cAMP signaling, via activation of CNG channel and 

calcium-calmodulin signaling, for LTM formation [12,13]. It needs to be clarified whether 

this is applicable to salivary conditioning in cockroaches. In addition, the time window in 

which activation of NO synthase is required for LTM formation needs to be investigated. 

   A notable feature of NO-cGMP signaling is that NO can diffuse in the brain over tens of 

millimeters and can act as a volume transmitter within memory-forming neural circuits [23], 

and we plan to investigate how this signaling mechanism contributes to LTM formation using 

the cockroach salivary conditioning assay as a model system. In honey bees, it has been 

shown that the antennal lobe (primary olfactory center) and the mushroom body 

(multisensory association center) participate in olfactory learning [5,14,15] and that some 

neurons in both brain areas exhibit NOS activities [19]. It has been shown that local uncaging 

of cGMP (but not NO) in the antennal lobe facilitates LTM formation in honey bees [20]. In 

cockroaches, we obtained evidence suggesting that the mushroom body is the site where 

olfactory CS and sucrose US converge for salivary conditioning [30]. The mushroom body of 
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cockroaches is a highly organized neuropil, in which the intrinsic neurons (Kenyon cells) are 

organized into discrete structural subunits [16,17]. Notably, high levels of NOS activities have 

been observed in class II Kenyon cells of the mushroom body, the axons of which occupy  

areas of the lobes of the mushroom body, but not in class I Kenyon cells, the axons of which 

occupy the rest of the lobes [22]. One of our next subjects is to study whether local uncaging 

of NO in the mushroom body can stimulate LTM formation, using the cockroach salivary 

conditioning assay. 

   In conclusion, our results demonstrate participation of NO signaling in the formation of 

protein synthesis-dependent LTM in salivary conditioning of cockroaches. Salivary 

conditioning in rigidly immobilized cockroaches should become a pertinent model system for 

studying neural mechanisms by which production of NO leads to LTM formation. 
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Figure legends 

Fig. 1. Experimental procedure. (A) The procedure for the study of the effect of drug injection 

on formation of one-day memory. Cockroaches were first immobilized on stages and then 

subjected to drug injection before receiving five sets of differential conditioning trials. One 

day after conditioning, they were dissected for recording of the activities of salivary neurons 

and then subjected to a retention test. (B) The procedure for the study of the effect of drug 

injection on formation of 30-min memory. Immobilized cockroaches were dissected for 

recording of the activities of salivary neurons. Then they received drug injection at 30 min 

prior to conditioning. A retention test was performed at 30 min after conditioning. For a set of 

differential conditioning trials, 4-sec presentation of one of a pair of odors (peppermint and 

vanilla odors) (CS+) was paired with 4-sec presentation of 500 mM sucrose solution (pairing 

trial) to the mouth (US; open squares), which was initiated at 2 sec after the onset of CS+ 

presentation, and the other odor (CS-) was presented alone (unpairing trial). The pairing trial 

and the unpairing trial were alternately presented with the interval of 2 min. In testing 

sessions, responses of salivary neurons to vanilla and peppermint odors, presented 3-5 times 

in a pseudorandom order, were measured. The durations of odor stimulations were 2 s and the 

intervals between stimulations were >25 s.  

 

Fig. 2. Effects of cycloheximide on formation of 1-day memory after olfactory conditioning 

of salivation, monitored as activity changes of salivary neurons, in cockroaches. (A) Three 

groups of cockroaches were each subjected to injection of 3 l of saline or saline containing 

2.5 mM or 25 mM cycloheximide at 30 min prior to conditioning. Responses of salivary 

neurons to conditioned odor (CS+) and control odor (CS-) were measured one day (~24 

hours) after conditioning. (B) Two groups of cockroaches were each subjected to injection of 

saline or saline containing 25 mM cycloheximide at 30 min prior to conditioning. Responses 

of salivary neurons to odors were measured at 30 min after conditioning. The responses to 

CS+ and CS- are shown as box plots. The line in the box is the median and the box represents 
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the 25-75 percentiles. Whiskers extend to extreme values as long as they are within a range of 

1.5× box length. The results of statistical comparisons are shown by asterisks (Wilcoxon’s test, 

**P < 0.01; *P < 0.05; NS P > 0.05). The number (n) indicates the number of animals used for 

data analysis. 

 

Fig. 3. Effects of L-NAME on formation of 1-day memory. (A) Four groups of cockroaches 

were each injected with 3 l of saline containing 5 mM D-NAME or 50 M, 500 M or 5 

mM L-NAME at 30 min prior to conditioning. Responses of salivary neurons to conditioned 

odor (CS+) and control odor (CS-) were measured one day (~24 hours) after conditioning. (B) 

Two groups of cockroaches were each injected with saline containing 5 mM D-NAME or 5 

mM L-NAME at 30 min prior to conditioning. Responses of salivary neurons to CS+ and CS- 

were measured at 30 min after conditioning. The responses are shown as box plots. The 

results of statistical comparisons are shown by asterisks (Wilcoxon’s test, **P < 0.01; *P < 

0.05; NS P > 0.05). The number (n) indicates the number of animals used for data analysis. 
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