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Abstract  15 

Cephalopod mollusks provide a striking example of the independent evolution of advanced 16 

cognitive abilities in invertebrates. In octopuses, learning and memory are mediated by 17 

the vertical lobe (VL), whose visual input synapses undergo robust activity-dependent 18 

long-term potentiation (LTP). Here, we used Octopus vulgaris of either sex to show that 19 

persistent activation of nitric oxide synthase (NOS) mediates both LTP expression and 20 

maintenance, independently of de novo protein synthesis. Contrary to the prevailing view, 21 

NO signaling is not required for LTP induction, as LTP can still be induced in the presence 22 

of NOS inhibitors. Remarkably, however, NOS inhibitors blocked presynaptic LTP 23 

expression, while NO donors induced only short-term potentiation, together suggesting 24 

that LTP expression depends on persistently elevated NO levels. The effective NO 25 

concentrations, estimated both pharmacologically and amperometrically, were more than 26 

three orders of magnitude higher than those required for activation of the canonical sGC–27 

cGMP pathway, suggesting that NO acts through direct covalent modification of proteins, 28 

such as S-nitrosylation. In a subset of synapses, the NOS inhibitor L-NNA rapidly and 29 

completely erased established LTP; however, following washout, full potentiation could be 30 

reinstated by renewed tetanic stimulation. We therefore propose a ‘molecular switch’ 31 

mechanism in which an NO-dependent positive feedback loop persistently reactivates 32 

NOS, thereby maintaining LTP. These findings reveal an unprecedented form of 33 

convergent evolution in which molecular innovations equip the octopus VL network with 34 

the computational properties required for associative learning.  35 

 36 

Significance Statement 37 

Long-term potentiation (LTP) is a central cellular mechanism of learning and memory. 38 

While extensively studied in vertebrates, its mechanisms in octopuses—animals that 39 

independently evolved sophisticated cognitive abilities—remain poorly understood. Here, 40 

we uncover a novel form of LTP involving activity-dependent activation of nitric oxide 41 

synthase (NOS) in the postsynaptic cell. The produced nitric oxide (NO) mediates LTP 42 

maintenance through persistent NO-dependent reactivation of NOS (a “molecular switch”) 43 

and simultaneously mediates LTP expression by retrogradely facilitating presynaptic 44 
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transmitter release. These findings reveal a striking example of convergent evolution in 45 

which distinct molecular mechanisms independently evolved to implement associative 46 

(Hebbian) learning rules within a neural network. 47 

 48 

Introduction 49 

Octopuses and other coleoid cephalopods (squid and cuttlefish) are outstanding examples 50 

for the independent evolution of complex motor (Nesher et al., 2020; Hochner and Zullo 51 

et al., 2023) and cognitive behaviors (Hanlon and Messenger 2018; Turchetti-Maia et al., 52 

2017; Shomrat et al., 2015; Wells 1978; Amodio et al. 2019). As such, they possess the 53 

largest nervous system among invertebrates, containing ~500 million neurons (Young 54 

1971). The vertical lobe (VL), in their central brain controls learning and memory (Figs. 55 

1A,B), exhibits the connectivity scheme of fan-out/fan-in association/classification 56 

networks (Shomrat et al., 2011; Aso et al., 2014; Litwin-Kumar et al., 2017).  The fan-out 57 

layer consists of axons projecting out of 1.8 million superior frontal lobe neurons (SFLn) 58 

(Figs. 1B,C,G); these axons innervate en passant 25 million small amacrine interneurons 59 

(AM). A connectome study (Bidel and Meirovitch et al., 2023) found that in contrast to 60 

previous views (Gray 1970; Young 1971), the AMs are not a single homogeneous group 61 

of interneurons. The large majority (89.3% of the 25 million VL neurons) are “simple” AMs 62 

(SAMs) projecting a single non-bifurcating neurite into the neuropil, each receiving a single 63 

SFLn input through a large axonal varicosity (Fig. 1G).  A very small population (~1.6%) 64 

of “complex” amacrines (CAMs) receive convergent inputs onto their “complex” dendritic 65 

tree from multiple SFL axons and from SAMs (see Fig. 1C). The SAMs and CAMs then 66 

converge onto the dendritic processes of the VL output layer, comprising 65,000 large 67 

neurons (LN) (Fig. 1C). These connectome findings, along with a comprehensive 68 

histolabeling study (Stern-Mentch et al., 2022), led Bidel and Meirovitch et al., (2023) to 69 

propose that the VL circuitry is organized in two parallel and interconnected feedforward 70 

networks: an excitatory network emerging from the cholinergic SAMs and an inhibitory 71 

network emerging from the GABAergic CAMs. 72 

In 2003 Hochner et al. developed VL slice preparations (see Supplemental Fig.1A) and 73 

demonstrated a robust, vertebrate-like, activity-dependent long-term potentiation (LTP) at 74 

the SFL-to-AM synapses. This LTP is NMDA receptor-independent and is expressed 75 
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presynaptically through facilitation of transmitter release (Hochner et al., 2003; Shomrat 76 

et al., 2011). Approximately half of the synapses exhibit a key Hebbian property, as LTP 77 

induction was blocked when postsynaptic response was inhibited by kainate-like receptor 78 

antagonists (Hochner et al., 2003). Importantly, VL LTP was shown to be important for 79 

learning, as global tetanization-induced “saturation” of VL LTP, impaired long-term 80 

memory acquisition (Shomrat et al., 2008). 81 

In the present work, we summarize our years-long efforts to decipher the three canonical 82 

processes underlying LTP: activity-dependent induction, which initiates it; maintenance, 83 

which preserves it over time; and expression which implements the increase in synaptic 84 

strength (e.g., Bliss et al., 2018).  85 

The postsynaptic-dependent induction and the presynaptic expression of LTP, led us to 86 

hypothesize that NO may act as a retrograde messenger diffusing from the post- to the 87 

presynaptic side of the synapse. Indeed, NO has been implicated in visual and tactile 88 

learning in Octopus vulgaris (Robertson et al., 1994, 1995, 1996). In addition, NO is a well-89 

established mediator of synaptic plasticity in mollusks, particularly those associated with 90 

complex forms of learning (Briskin-Luchinsky et al., 2018; Kemenes et al., 2002; 91 

Korshunova and Balaban, 2014; Susswein et al., 2004).  92 

We uncovered an unprecedented form of NO-dependent LTP. Contrary to prevailing 93 

dogma, relatively high concentrations of NOS inhibitors did not block LTP induction, but 94 

instead interfered with LTP expression and, in some synapses, also blocked LTP 95 

maintenance. These findings suggest a profound adaptation of the molluscan nitrergic 96 

system (Wright, 2019; Moroz and Kohn, 2011), in which NO signaling relies not on the 97 

canonical NO–sGC–cGMP pathway but likely on direct covalent protein modifications 98 

such as S-nitrosylation. We propose a NO-dependent “molecular switch” in which a 99 

persistent NO-dependent NOS reactivation maintains LTP, while retrograde NO signaling 100 

mediates presynaptic facilitation underlying LTP expression. In the Discussion, we outline 101 

how this mechanism may operate within the recently resolved VL connectome to provide 102 

the Hebbian learning rules of input-(synaptic)-specificity and synaptic-associativity. 103 

 104 

Materials and Methods 105 
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Animals and electrophysiological recordings 106 

Mature Octopus vulgaris of both sexes were collected by local fishermen on the Israeli 107 

Mediterranean coast. Animals were held and handled according to the guidelines for the 108 

EU Directive 2010/63/EU for cephalopod welfare. The conditions under which the animals 109 

were kept, the slice preparation procedures, and the extracellular local field potential (LFP) 110 

recording methods followed Shomrat et al., (2011) and are further detailed in 111 

Supplemental Figure 1.  112 

The postsynaptic field potential (fPSP) of the synapses between SFL axons and the AMs 113 

was evoked by stimulating the SFL tract at 30 s intervals. LTP was induced by high 114 

frequency (HF) stimulation (4 trains of 20 stimuli at 50 Hz, 10 s inter-train interval). We 115 

routinely used paired pulses (20 ms apart) as test stimulation to study the paired pulse 116 

facilitation (PPF) ratio between the amplitudes of first and second postsynaptic field 117 

potentials (fPSPs) (see Supplemental Fig. 1). Unless otherwise indicated, the results are 118 

displayed as normalized response (fPSP2/TP2), given that in most experiments under 119 

control conditions the first fPSP (fPSP1) was often indistinguishable from noise.  120 

Histochemistry 121 

NOS activity was detected using NADPH diaphorase histochemistry, as described in detail 122 

in Stern-Mentch et al., (2022).  123 

To evaluate anisomycin suppression of de novo protein synthesis in the octopus brain, we 124 

adapted the method of fluorescent noncanonical amino acid tagging (FUNCAT) using L-125 

azidohomoalanine (Thermo Fisher Scientific) described in detail for hippocampal slices 126 

(tom Dieck et al., 2012). The adaptations aimed to guarantee marine invertebrate 127 

physiological conditions prior to fixation. The slices were obtained as for 128 

electrophysiological recordings. We used Alexa Fluor 488 azide (Thermo Fisher 129 

Scientific) as fluorophore-alkyne-tag. Control slices were incubated with L-130 

azidohomoalanine in the absence of anisomycin. Confocal imaging of the treated slices 131 

was performed using the Nikon C1 confocal system mounted on a Nikon TE-2000 Eclipse 132 

microscope system with a Nikon plan-Apo 60X NA 1.4 objective. Images were collected 133 

and processed using EZ-C1 software (Nikon). The Alexa Fluor 488 azide was excited with 134 
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the 488 nm laser and the emission was collected with a 515 ± 30 nm filter. Images were 135 

prepared using NIH ImageJ software (Bethesda, MD, USA). 136 

Amperometry 137 

NO was measured directly in the VL using electrochemical methods with 30 µm 138 

polypropylene-insulated carbon fiber microelectrodes (CFMs) (ProCFE Dagan 139 

Corporation) coated by dipping the electrode tip five times into Nafion® 117 solution and 140 

drying the electrode for 10 min in 85 °C (Dias et al., 2016; Friedemann et al., 1996). This 141 

procedure was repeated ten times. The CFMs were then coated by electro-polymerization 142 

with o-phenylenediamine dihydrochloride (Friedemann et al., 1996) and cellulose 143 

(Marinesco et al., 2003). All these coatings were found to be essential for increasing the 144 

sensitivity and specificity of the CFM to NO in ASW. To test the electrodes, we measured 145 

the release of NO from a known concentration of NO donor (stock solution of SNAP 146 

prepared in 100 µM EDTA). 10 µM CuCl2 was added to the ASW to catalyze SNAP 147 

decomposition to NO and disulfide by-product (Zhang et al., 2000). This concentration of 148 

Cu2+
 had no effect on the physiological responses. For testing the peak oxidation voltage 149 

of NO in ASW, a slowly rising (~2.3 s) voltage ramp from a DC holding voltage of 0.5 V to 150 

1.1 V was used as a command for clamping the CFM potential with a Chem-Clamp 151 

Voltmeter-Amperometer (Dagan Corporation). Adding 10 µM SNAP to ASW containing 10 152 

µM CuCl2 caused a maximal positive current response close to 750 mV. Hence, for the in 153 

vitro measurements of NO during physiological experiments the electrode potential was 154 

clamped at 750 mV. Because the oxidation current declined gradually in the presence of 155 

constant NO concentration, we used a micrometric manipulator to insert the CFMs into 156 

the tissue (~100 µm deep) every 5 min for only 90 s. Amperometric measurements were 157 

stored together with the recording of the LFP responses generated by stimulation of the 158 

SFL tract.  159 

All the in vitro experiments utilized isolated brain preparations comprising the 160 

supraesophageal mass of the central brain (see details in Shomrat et al., 2008). At the 161 

end of each experiment the CFM sensitivity in ASW was estimated by adding 10 µM SNAP 162 

to the experimental bath containing 10 µM CuCl2.  163 

Drugs   164 

JN
eurosci

 Acce
pted M

an
uscr

ipt



7 

 

Drugs were administered via the perfusion system, taking ~1 min to reach the recording 165 

site. We used the NOS inhibitors L-NNA (Nω-Nitro-L-arginine) and L-NAME (Nω-Nitro-L-166 

arginine methyl ester hydrochloride), and its inactive enantiomer D-NAME (Nω-Nitro-D-167 

arginine methyl ester hydrochloride). We routinely used 10 mM of these drugs because 168 

we found that at lower than 5 mM the results were less consistent. We found that 30 min 169 

of a continuous stirring is required to dissolve 10 mM L-NNA in ASW. To assess the 170 

possible involvement of NO–dependent soluble guanylyl cyclase (sGC)–cGMP cascade 171 

we used the cGMP inhibitors ODQ (1H-[1,2,4] Oxadiazolo[4,3-a]quinoxalin-1-one; 50μM) 172 

and methylene blue (0.1 mM); the cGMP agonists dBcGMP (0.2mM), 8-Br-cGMP 173 

(0.1mM), 8-pCPT-cGMP (10-100μM); the cGMP phosphodiesterase inhibitor ZAP 174 

(Zaprinast; 0.1mM); the cyclic nucleotide phosphodiesterase inhibitor IBMX (3-Isobutyl-1-175 

methylxanthine; 0.5-1mM). To evaluate the involvement of NO we used the NO donors 176 

SNAP (S-Nitroso-N-acetyl-DL-penicillamine; 1-100µM and up to 10 mM), DETA 177 

(Diethylenetriamine NONOate; 0.4 mM), and DEA (Diethylamine NONOate; 0.1mM); the 178 

NO scavenger PTIO (2-Phenyl-4,4,5,5 tetramethylimidazoline-1-oxyl 3-oxide; 1 mM). 179 

Some drugs were dissolved in ASW and a fresh solution made before the experiments (L-180 

NNA, L-NAME, D-NAME, methylene blue). Stock solution aliquots were prepared in DDW 181 

(dBcGMP), in DMSO 0.1-0.25% (ODQ, ZAP, IBMX), in ethanol 1% (PTIO), in NaOH 0.05 182 

mM (DEA), or in 100 µM EDTA (SNAP), and were diluted in ASW before the experiments 183 

in a concentration in which the vehicles had no physiological effects. When required, pH 184 

was adjusted to 7.6 using NaOH or HCl. Slices treated with reversible drugs, which could 185 

be washed out, could be used a second time in a different recording  ווי location to 186 

guarantee a different and yet unstimulated local population of cells. All drugs and 187 

chemicals were purchased from Sigma-Aldrich, unless stated otherwise.  188 

Data analysis 189 

Electrophysiological data were analyzed as described in Shomrat et al., (2011) and for 190 

more details see Supplemental Figure 1. For the analysis of electrophysiological 191 

recordings, we measured averages of 5 or 10 test trials (paired pulses, 20 ms apart, 192 

delivered at 30 s intervals).  193 

Likely due to the inexcitable properties of the AMs, the postsynaptic field potential (fPSP) 194 

does not include ‘population spikes’ and its waveform is independent of its amplitude (see 195 
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Hochner et al., 2003). This property facilitates the accurate measurement of the 196 

postsynaptic responses. Furthermore, given the linear relationship between fPSP and 197 

tract potential (TP) amplitudes (see Shomrat et al., 2011), the variability across 198 

experiments was reduced by normalizing fPSP to TP amplitudes (fPSP/TP).  199 

To estimate presynaptic effects, we quantified the paired pulse facilitation ration (PPF), 200 

usually quantified as the ratio of the second to the first fPSP (fPSP2/fPSP1). However, in 201 

the VL this ratio is extremely high because in most experiments fPSP1, and under control 202 

conditions, was often indistinguishable from noise. Therefore, we used a PPF index 203 

defined as PPFindex = (fPSP2/TP2 − fPSP1/TP1)/(fPSP2/TP2), where a value of 1 204 

corresponds to maximal PPF (see Supplemental Fig. 1). 205 

Statistical analysis: The exceptionally robust magnitude of VL LTP together with the 206 

pronounced effects of NOS inhibitors we are reporting here, allowed us to detect 207 

significant differences with a relatively small number of repetitions. Accordingly, group 208 

comparisons were performed using Welch’s t-test, which does not assume equal 209 

variances and is recommended for datasets with relatively small sample sizes (e.g., 210 

Ruxton, 2006).  211 

Results  212 

The neuropils of the vertical and sub-frontal lobes are intensely 213 

labeled for NOS activity   214 

In a previous study, we tested for the presence of NOS activity in the supraesophageal 215 

part of the brain employing histochemical techniques (see Stern-Mentch et al., 2022). 216 

Briefly, using the NADPH-diaphorase method (Hope et al., 1991; Moroz, 2000) we 217 

discovered a particularly intense labeling in the neuropils of the VL and the subfrontal lobe 218 

(SuFL) (Fig. 1D-F). These areas are associated with visual and tactile learning, 219 

respectively (see Fig. 1B), and also share a similar anatomical organization (Young 1971). 220 

Dense labeling was found in the inner neuropil zones of the five lobuli of the VL (Fig. 1F), 221 

where the synaptic connections between the SAMs, CAMs and the LNs reside (Gray 1970; 222 

Bidel and Meirovitch et al., 2023; Bidel et al., 2025). These results strongly suggest intense 223 

NOS expression in dendritic processes postsynaptically to SFL inputs. The outer neuropil 224 

(Fig. 1E) was more sparsely stained, as in this region unlabeled axons run within the SFL 225 
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tract, making sparse en passant connections with SAMs and CAMs neurites (Gray 1970; 226 

Bidel and Meirovitch et al., 2023; Bidel et al., 2025).  227 

The non-bifurcating neurites of monopolar SAM interneurons (Fig. 1G) are likely those 228 

that can be seen crossing the tract in faintly stained AMs trunks (arrows; Fig. 1E), 229 

suggesting the presence of NOS in the SAMs. Stern-Mentch et al., (2022) reported a 230 

similar pattern of immunoreactivity for choline acetyltransferase of the common type 231 

(cChAT), consistent with the cholinergic nature of the SAMs. Together, these findings 232 

support the supposition that NOS is expressed in the postsynaptic side of the SFL-to-SAM 233 

synapses. However, because the small cell bodies of the amacrine cells are largely 234 

occupied by the nucleus (Bidel and Meirovitch et al., 2023) and are therefore not clearly 235 

labeled for NOS, cChAT, or GABA, NOS expression in other cell types cannot be ruled 236 

out (see Stern-Mentch et al., 2022).  237 

 238 

NO does not mediate LTP induction 239 

To systematically examine the possible involvement of NO in VL LTP, we used slice 240 

preparations to test whether NOS inhibitors affect any of the three mechanistically distinct 241 

components of LTP: induction, maintenance and expression commonly used to 242 

characterize different forms of LTP (see Bliss et al., 2018; Lüscher and Malenka 2012; 243 

Caya-Bissonnette and Béïque, 2024).  244 

We used two types of NOS inhibitors, L-NNA and L-NAME. We revealed that these NOS 245 

inhibitors were effective at much higher concentrations (5-10 mM), than the commonly 246 

used to inhibit NO-dependent sGC-cGMP pathway (Hall and Attwell 2008; Hall and 247 

Garthwaite 2009). Because these inhibitors are arginine-based competitive inhibitors 248 

(Víteček et al., 2012), millimolar concentration of L-NAME and L-NNA are likely required 249 

to suppress the high rates of NO production in the VL. Interestingly, several studies, 250 

particularly in marine animals, have reported that NOS inhibitors (e.g., L-NAME) up to mM 251 

range are required to effectively inhibit NO-mediated effects (e.g., Ueda et al., 2016; 252 

Moroz et al., 1998). 253 
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We first tested NO involvement in LTP induction. Accordingly, the drugs were 254 

administered before and during LTP induction by a high-frequency stimulation (HF; vertical 255 

dashed lines). Figure 2A shows that perfusion of 10 mM L-NNA led to a reduction in the 256 

already somewhat potentiated normalized synaptic field potential (fPSP2/TP2), indicating 257 

that in this set of experiments (and also those shown in Fig. 2B2) some level of potentiation 258 

was induced during setting the baseline recording, pointing to the possible involvement of 259 

NO in regulation of fPSP amplitude. Yet, HF stimulation in the presence of the drug led to 260 

a moderate level of stable potentiation. Washing out the drug gradually revealed further 261 

potentiation, and the second HF stimulation did not induce an abrupt potentiation, 262 

suggesting that LTP expression and/or gradual buildup of maintenance were curtailed in 263 

the presence of L-NNA. Note that the TP amplitude (black circles, and insets) stayed rather 264 

constant along the experiments, emphasizing that L-NNA specifically blocked NO-265 

dependent facilitation of synaptic response.  266 

To rigorously assess the specificity of NOS involvement in LTP induction, we repeated 267 

these experiments using the stereospecific NOS inhibitor L-NAME in parallel with its 268 

inactive enantiomer D-NAME as a stereospecific control (Fig. 2B). In contrast to L-NNA, 269 

both 10 mM D-NAME and L-NAME reversibly attenuated TP amplitude (Fig. 2B1), 270 

indicating that at this concentration, both drugs exert nonspecific effects on SFL axons 271 

excitability. To isolate the specific effect of these drugs on transmitter release, we 272 

compensated for the effects of D-NAME and L-NAME on the TP amplitude (see Fig. 2 273 

legend for details). 274 

Figure 2B2 shows that, similar to L-NNA (Fig. 2A), administration of L-NAME (10 mM), but 275 

not D-NAME (10 mM), reduced the basal fPSP2/TP2 amplitude, suggesting the presence 276 

of some level of NO-dependent potentiation during the setting of baseline recordings. HF 277 

stimulation delivered 20 min after drugs application induced a clear short-lived 278 

potentiation. However, washout of L-NAME was followed by a markedly larger monotonic 279 

increase in fPSP2/TP2 amplitude than that observed after washout of D-NAME. This was 280 

quantified as ‘relative recovery’ = [(fPSP2/TP2)115min - (fPSP2/TP2)75min] / 281 

[(fPSP2/TP2)115min] which amounted to 0.641 ± 0.133 SE (n = 5) for L-NAME, and 0.201 ± 282 

0.052 SE (n = 5) for D-NAME. The difference between the two groups was statistically 283 

significant (P = 0.023; t = 3.19; df ≈ 5.21 two-tailed Welch’s t-test). A second HF stimulation 284 

produced no further facilitation, suggesting LTP saturation. Taken together, these results 285 
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suggest that LTP induction can occur in the presence of both drugs, but washing out L-286 

NAME have either “unmasked” a greater level of LTP expression and/or enabled a buildup 287 

of LTP maintenance.  288 

In summary, the results shown in Fig. 2 are inconsistent with the canonical view that 289 

implicates NOS activation in LTP induction, prompting us to next test the involvement of 290 

NO in LTP expression. 291 

 292 

Persistent NOS activation mediates the long-term expression of 293 

the VL LTP  294 

To test the involvement of NO in LTP expression, we added the drugs 10 minutes after 295 

LTP induction (Fig. 3). The inactive enantiomer D-NAME (Fig. 3A) produced a modest, 296 

non-significant, and reversible inhibition of the potentiated response (23±20% (SE) (p>0.2; 297 

Welch’s type t-test)). In contrast, L-NAME (Fig. 3B) and L-NNA (Fig. 3C) strongly inhibited 298 

the potentiated response (63 ± 16% (SE) and 82 ± 19% (SE) inhibition, respectively; p < 299 

0.01 for both). An HF stimulation given during the maximal inhibition did not overcome the 300 

inhibition. A third HF stimulation, delivered after drug washout, did not induce additional 301 

LTP. Taken together, these experiments suggest that NOS inhibitors reversibly inhibit LTP 302 

expression. Notably, L-NNA exhibits a faster inhibition time course than L-NAME. This 303 

may reflect, at least partially, the requirement for intracellular conversion of L-NAME (Nω-304 

nitro-L-arginine methyl ester) to the active inhibitor L-NNA (Nω-nitro-L-arginine) by 305 

esterases (Víteček et al., 2012). 306 

The histograms shown to the right of each panel of Fig. 3 represent the PPF-index which 307 

estimates the change in fPSP1 amplitude relative to that of fPSP2, serving as an indicator 308 

for changes in probability transmitter release (see details in Supplemental Fig. 1). These 309 

histograms clearly show that, first, induction of LTP dramatically reduces PPF index, 310 

consistent with LTP involving an increase in probability of transmitter release. Second, 311 

blocking LTP expression with the specific NOS inhibitors L-NAME and L-NNA was 312 

accompanied by a significant rise in the PPF-index, which recovered following the washing 313 

out of the drugs. It should be noted that the slight apparent inhibition of fPSP2/TP2 314 

amplitude caused by D-NAME (Fig. 3A) did cause some, yet also insignificant, increase 315 
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in PPF-index, which suggests that 10 mM D-NAME may cause some NOS inhibition 316 

irrespective of its nonspecific effect on TP amplitude. In summary, the results shown in 317 

Fig. 3 support the idea that the presynaptic expression of LTP is mediated by NO which 318 

is generated through a constitutive activation of NOS. 319 

As L-NNA seems to be more effective and with no apparent effect on TPs amplitude, we 320 

used this drug in the remaining experiments. 321 

We next investigated if NO is similarly involved in the later phases of LTP by exposing the 322 

VL slices to 10 mM L-NNA for 45 min at different times after LTP induction (Figs. 4A-C). 323 

LTP expression was similarly blocked when applied 10, 90, or 240 mins after LTP 324 

induction, suggesting that persistent activation of NOS is the mechanism mediating the 325 

long-term expression of the VL LTP. 326 

To directly test this possibility, we adopted an amperometric approach for measuring the 327 

extracellular concentration of NO (Dias et al., 2016; Ferreira et al., 2005; Friedemann et 328 

al., 1996) (Fig. 4D-F). A NO-sensitive carbon fiber microelectrode (CFM, see Methods) 329 

was inserted for short periods into the VL neuropil. The experiment shown in Fig. 4D 330 

started with three control insertions of the electrode. These insertions likely caused some 331 

gradual increase in the NO signals and a concomitant increase in fPSP (Fig. 4D insets). 332 

After HF stimulation, the clamping current at the NO oxidation potential (750 mV) 333 

increased in parallel to the increase in the fPSP amplitude (Fig. 4D,E and insets). Note 334 

the highly significant linear correlation between NO current signals and fPSP amplitudes 335 

(Fig 4E). The rough calibration of the CFM electrode, achieved by releasing NO from a 336 

known concentration of the NO donor SNAP, indicated an increase to approximately 0.5 337 

µM. This concentration is approximately three orders of magnitude higher than the 338 

physiological NO levels typically associated with activation of the NO-dependent sGC–339 

cGMP cascade (Hall and Garthwaite, 2009). As is typical for LTP saturation, neither the 340 

fPSP amplitude nor the NO signals were further increased by a second HF stimulation 341 

administered while the CFM electrode was inside the tissue (Fig. 4D).  342 

Figure 4F shows a summary of five experiments similar to that shown in Fig 4D. The CFM 343 

holding current increased substantially when the electrode was inserted into the isolated 344 

brain before HF stimulation (tests #1; #2). This increase is likely due to some endogenous 345 

redox molecules and/or electrode-evoked NOS activation. Following HF stimulation, the 346 
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averaged measurements revealed a significant, yet delayed, elevation in NO current 347 

signals (see Fig. 4F legend).  348 

While the summary of the amperometric results (Fig. 4F) support the notion that LTP 349 

induction involves NOS activation, they provide less compelling evidence that persistent 350 

elevated NO concentration underlies the long-term stability of LTP expression. Note, 351 

however, the strong correspondence between the fPSP/TP amplitudes and the NO current 352 

signals in the example shown in Fig. 4D,E. Possibly in this particular experiment a 353 

favorable spatial alignment between the CFM and LFP electrodes contributed to the 354 

significant correlation between the NO signals and fPSP amplitudes (Fig. 4E).  355 

Although we demonstrated that NOS inhibitors blocked the amperometric response along 356 

with LTP expression, as expected, we also found that L-NNA blocked the CFM response 357 

to NO released from the NO donor SNAP. Consequently, the amperometric 358 

measurements could not unequivocally confirm that L-NNA exerts its effect through a 359 

reduction in NO concentration. 360 

 361 

NO-induced presynaptic facilitation requires unusually high NO 362 

concentrations  363 

To directly test the involvement of NO in LTP expression we used the NO donor SNAP. 364 

We found that only mM concentrations of SNAP (in the presence of 20 µM CuCl2 to 365 

facilitate SNAP decomposition; Zhang et al., 2000) produced an enormous synaptic 366 

facilitation (Fig. 5). Figure 5A shows one example out of five experiments, where a robust 367 

facilitation was obtained with bath application of 2 mM SNAP. This facilitation is likely due 368 

to a marked increase in release probability, as indicated by the reversal of the PPF ratio 369 

(i.e., fPSP1 exceeded fPSP2; Fig. 5A, insets 1 vs. 2) However, this SNAP concentration 370 

also caused a transient increase in TP amplitude, followed by a rapid decline that ended 371 

in a complete blockade of TP propagation and consequently fPSP elimination (Fig 5A; 372 

insets 3 and 4). These latter effects are likely due to the neurotoxic effect of sustained high 373 

NO concentrations (Calabrese et al., 2007; 2009).  374 
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The results presented in Fig. 5B show that a brief pressure microinjection of a sub-375 

microliter bolus of 10 mM SNAP resulted in short-term facilitation, which subsided after 376 

several minutes without causing apparent detrimental effects. Repeated injections 377 

produced similar transient facilitation responses. Importantly, these SNAP injections did 378 

not lead to a sustained fPSP potentiation, suggesting that NO alone is insufficient to 379 

induce LTP. The SNAP-induced facilitation was accompanied by a significant reduction in 380 

PPF index (0.826 ± 0.076 relative to 0.964 ± 0.101 in control;  p = 0.02 paired t-test, t(6) 381 

= 3.1, n = 7), consistent with NO-dependent increase in the probability of transmitter 382 

release.  383 

 384 

The canonical NO-dependent cGMP signaling pathway appears 385 

not to be involved in the VL LTP. 386 

The high concentrations of SNAP required for the induction of synaptic facilitation, 387 

together with the levels of NO concentration measured amperometrically, and the high 388 

concentrations of NOS inhibitors that were effective, suggest that the NO effects are 389 

mediated by much higher NO concentrations than the 100 pM to 5 nM effective in 390 

activation of the canonical NO-dependent soluble-guanylyl-cyclase (sGC)-cGMP 391 

cascades (Hall and Garthwaite 2009; Hardingham et al., 2013; Garthwaite 2016; 2019; 392 

Kleppisch and Feil 2009). These results may explain why our attempts to test the 393 

involvement of the cGMP cascade have failed (Turchetti-Maia et al. 2018). Indeed, the 394 

NO scavenger (PTIO 1mM), shown to be effective in the cephalopod chromatophore 395 

system (Mattiello et al., 2010), did not affect the potentiated fPSPs. This is likely because 396 

this NO scavenger is ineffective in significantly reducing the high NO concentration at the 397 

synaptic sites. Furthermore, attempts to assess the involvement of cGMP cascade in the 398 

VL LTP using a battery of pharmacological tools (listed in Methods) failed to intervene with 399 

LTP expression (Turchetti-Maia et al. 2018). Importantly, these drugs were used 400 

successfully by Tu and Budelmann (1999; 2000a,b) to demonstrate the involvement of 401 

NO-dependent cGMP cascade in the regulation of the cephalopods' statocysts activity.          402 

 403 

LTP maintenance does not require de novo protein synthesis  404 
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Numerous studies indicate that the universal mechanism for maintaining the long-term 405 

phases of LTP involves de novo protein synthesis (Kandel et al. 2014), including 406 

serotonin-induced long-term facilitation in the mollusk Aplysia (Montarolo et al., 1986). In 407 

contrast, we found that neither LTP induction nor its very long maintenance appears to 408 

involve protein synthesis. The administration of 20 µM anisomycin for 2.5 h, starting 30 409 

min before the induction of LTP, blocked neither induction nor maintenance of LTP for at 410 

least 10 h after LTP induction (Fig. 6A).  This result contrasts sharply with the hippocampal 411 

CA1 region, where a similar protocol blocked the development of the late phase of LTP 412 

(e.g., Frey and Morris, 1997; Nguyen et al., 1994). We noticed that anisomycin may have 413 

several side-effects, including facilitation of LTP induction even at the slow rate of the test 414 

stimulation, a facilitated decline in TP amplitude, and a gradual reduction in fPSP/TP ratio, 415 

which recovered following anisomycin washout (Fig. 6A,B). This protein synthesis-416 

independent LTP expression was blocked by L-NNA, indicating that the activity-dependent 417 

persistent activation of NOS was not affected by 20 µM anisomycin (Fig. 6B). Importantly, 418 

exposing in vitro slices to 20 µM anisomycin did suppress protein synthesis, including the 419 

intense protein synthesis in the VL (Fig. 6C). (The protein synthesis blocking effect of 420 

anisomycin was replicated in five additional experiments conducted in a different project 421 

(Bidel et al., unpublished).  422 

 423 

The NOS inhibitor L-NNA discriminates between two types of 424 

synapses that differ in their LTP maintenance mechanisms. 425 

Figures 7A and B present post-hoc analysis of the kinetics of L-NNA-induced inhibition of 426 

LTP expression. For this analysis, 11 of the 12 experiments shown in Figs. 4A–C were 427 

aligned at 10 minutes before the onset of a 42.5-minute exposure to L-NNA (10 mM). (see 428 

the excluded outlier experiment in Supplemental Fig 3).  A readily noticeable difference 429 

was that in some experiments a second high-frequency (HF) stimulation delivered after 430 

drug washout, induced an abrupt potentiation (Figs. 7A,B; blue curves), whereas in others, 431 

the second HF stimulation did not interfere with the monotonic recovery from inhibition 432 

(red curves). The average of this potentiation in the first (blue) group was 2.64 ± 0.38 SE 433 

(n = 5), (calculated as the ratio of the average fPSP2/TP2 during 5 minutes following HF 434 

to that during the 7.5 minutes preceding HF). In contrast, the second (red) group showed 435 
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a smaller potentiation of 1.11 ± 0.05 (n = 6). The difference between the two groups 436 

reached a statistical significance (Welch’s t-test, t = 4.0, df ≈ 4.1, p ≈ 0.015). We confirmed 437 

the validity of this classification using an independent permutation test (see Supplemental 438 

Fig. 2).  439 

Figures 7A and B further reveal that the two groups differ in three additional 440 

characteristics. The second key difference between the two groups lies in the rate of 441 

inhibition. Remarkably, LTP expression in the first (blue) group declines much more rapidly 442 

than in the second (red) group (Fig. 7B). Accordingly, we hereafter refer to these groups 443 

as 'fast' and 'slow' groups, respectively. The estimated exponential decay time constants, 444 

fitted to the graphs in Fig. 7B, were 4.44 minutes for the ‘fast’ group (R² = 0.985; Pearson 445 

correlation, P = 0.008) and 19.7 minutes for the ‘slow’ group (R² = 0.939; Pearson 446 

correlation, P < 0.001), indicating that the ‘fast’ group decay is more than fourfold faster. 447 

Comparing the fitted exponential decay time constants across individual experiments 448 

confirmed that the ‘slow’ group exhibited significantly higher values than the ‘fast’ group 449 

(Welch’s t-test, t ≈ 6.31, df ≈ 6.6, p < 0.001). While the slower time constant may reflect 450 

the rate of drug perfusion, the rapid and complete suppression of LTP expression in the 451 

‘fast’ group suggests an accelerated, regenerative deactivation of NOS, strongly 452 

implicating that the effect of L-NNA is mediated through disruption of an NO-dependent 453 

positive feedback loop (see Discussion). 454 

The third difference, likely related to the second, concerns the extent of inhibition. In the 455 

‘fast’ group, 10 mM L-NNA almost completely suppressed LTP expression (97 ± 5.1% 456 

(SE)), bringing back fPSP amplitude to pre-LTP levels (Figs. 7A,B). In contrast, the ‘slow’ 457 

group exhibited a significantly lower level of inhibition (72.1 ± 7.3 % (SE). This difference 458 

was confirmed by comparing the level of inhibition across individual experiments (Welch’s 459 

t-test, t ≈2.82, p ≈ 0.021). These findings suggest that in the ‘slow’ group, L-NNA reversibly 460 

inhibits NO-dependent LTP expression, whereas in the ‘fast’ group, L-NNA also disrupts 461 

LTP maintenance, possibly by returning NOS back to its inactive state. The gradual 462 

potentiation observed in the ‘fast’ group following L-NNA washout likely reflects activity-463 

dependent ‘slowly developed potentiation’ (SDP), which is induced by the ongoing test 464 

stimulation (see below).  465 

And finally, the fourth difference concerns fPSPs amplitudes. The normalized fPSPs 466 

(fPSP2/TP2) in the ‘slow’ group were consistently larger than those in the ‘fast’ group (Fig 467 
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7A).  Approximately 3-fold under control conditions (Welch t-test t ≈ 2.97; df ≈ 6.9; p ≈ 468 

0.02) and approximately twofold after LTP induction, (yet with no statistical significance; p 469 

≈ 0.10).  470 

Notably, the two groups did not differ in their TP amplitudes (1.55 ± 0.25 mV (SE) vs. 1.63 471 

± 0.32 mV (SE); Welch’s t-test, t ≈ −0.22, df ≈ 8.4, p ≈ 0.83), suggesting that the observed 472 

differences primarily reflect synaptic properties rather than presynaptic axonal excitability, 473 

although small differences in excitability cannot be excluded given the limited sample size. 474 

These two distinct groups of ‘slow’ and ‘fast’ inhibition kinetics were also clearly discerned 475 

in the post-hoc analysis of the experiments in which LTP was induced gradually by a 476 

moderate rate of stimulation (Figs. 7C,D). Increasing the rate of the paired-pulse 477 

stimulation from 1/30 s to 1/10 s led to a slowly-developing-potentiation (SDP). Previously, 478 

we suggested that SDP shares the same mechanisms with that of HF-induced LTP, 479 

because they mutually occlude each other (see Shomrat et al., 2010). The results in Figs. 480 

7C-E support this conclusion by implicating the involvement of NOS also in SDP.  481 

As observed in HF-induced LTP (Figs. 7A,B), the inhibition kinetics induced by 10 mM L-482 

NNA in the SDP experiments (Figs. 7C,D) could be classified into two distinct groups 483 

according to the ‘fast’ and ‘slow’ inhibition kinetics. The a priori clasification was based on 484 

whether HF stimulation delivered during recovery from inhibition elicited a noticeable 485 

potentiation. Accordingly, three of the seven SDP experiments exhibited a clear 486 

potentiation in response to the second HF stimulation (Fig. 7E), whereas in the remaining 487 

four, the second HF stimulation did not appear to interfere with the monotonic recovery of 488 

LTP.  489 

Figures 7C and D further show that, as in HF-induced LTP, these groups differ in three 490 

additional characteristics. First, Fig. 7C shows that the normalized fPSP2/TP2 amplitude 491 

of the ‘slow’ group (red) is consistently higher than that of the ‘fast’ group. The second 492 

characteristic is the exceptionally rapid onset of inhibition in the ‘fast’ group (Figs. 7C–E). 493 

Estimation of the average inhibition exponential decay time constant yielded a time 494 

constant of only 1.69 min (R² = 0.970; Pearson correlation, P = 0.0084). In contrast, the 495 

‘slow’ SDP experiments (Figs. 7C,D, red), exhibited a slower time constant of 5.59 min (R² 496 

= 0.951; Pearson correlation, P < 0.001). Comparison of decay time constants across 497 

individual experiments confirmed that the inhibition time constant of the ‘slow’ group was 498 
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significantly slower than that of the ‘fast’ group (Welch’s t-test, t = 6.31, df = 6.6, p < 499 

0.001).The third characteristic, likely related to the second and consistent with the ‘fast’ 500 

group in HF-induced LTP, is that the ‘fast’ SDP group exhibits a more-than-complete 501 

blockade of SDP expression (Figs. 7C–E). The extremely fast and complete erasure of 502 

SDP is consistent with the hypothesis that 10 mM L-NNA abolished also LTP 503 

maintenance.  504 

We observed robust and significant differences in inhibition kinetics between HF-induced 505 

LTP and that induced in the SDP experiments. In the groups with ‘slow’ inhibition kinetics, 506 

the mean inhibition time constant of the individual SDP experiments (5.92 ± 1.39 min (SD)) 507 

was ~2.8-fold shorter than that of the ‘slow’ HF-induced LTP group (16.4 ± 4.0 min (SD)) 508 

(Welch’s t-test, t ≈ 5.31, df ≈ 6.9, p ≈ 0.0014). Likewise, the mean inhibition time constant 509 

of the SDP group with ‘fast’ inhibition (1.60 ± 0.69 min (SD)) was ~3.3-fold shorter than 510 

that of the ‘fast’ HF-induced LTP (5.33 ± 1.47 min (SD)) (Welch’s t-test, t ≈ 4.36, df ≈ 5.1, 511 

p ≈ 0.007).  512 

We suggest that the markedly faster inhibition kinetics observed in SDP protocol may 513 

reflect differences in the mode by which potentiation is induced. HF-induced LTP relies on 514 

intense stimulation that likely produces a saturating level of NO, whereas in the SDP 515 

protocol, NO concentration increases gradually. Consequently, 10 mM L-NNA are likely 516 

more effective under conditions of moderate NOS activation. Moreover, if NOS activation 517 

is maintained by an NO-dependent positive feedback loop (see Discussion), such a 518 

mechanism would be more readily disrupted at lower NO concentrations generated during 519 

the gradual induction protocol. 520 

Interestingly, in the ‘fast’ group, HF stimulation given during complete blockade caused a 521 

robust short-term potentiation that was terminated rapidly, likely due to the fast inhibition 522 

kinetics of 10 mM L-NNA (Figs. 7C-E). This finding suggests that, under certain conditions, 523 

at least in the group of synapses with the ‘fast’ inhibition kinetics, L-NNA may block 524 

induction by inhibiting the transition from the induction to the NO-dependent maintenance 525 

phase. In contrast, in the group with the ‘slow’ inhibition kinetics, L-NNA seems to block 526 

only the SDP expression, as HF stimulation in the presence of L-NNA did cause an abrupt 527 

and stable potentiation that was fully expressed after L-NNA washout, highlighting again 528 

that HF-induced LTP can occur in the presence of NOS inhibitors, at least in the group 529 

synapses with ‘slow’ inhibition kinetics.  530 
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The histogram in Fig. 7F shows that the synaptic connection in the medial lobule 531 

represents only synapses with the ‘fast’ inhibition kinetics, while the lateral demonstrates 532 

the ‘slow’ properties. In the lateral/medial, both ‘fast’ and ‘slow’ inhibition kinetics could be 533 

documented. A Pearson’s chi-square test of independence confirmed the highly significant 534 

association between anatomical location and kinetic group (χ² = 11.06, df = 2, p ≈ 0.004). 535 

It should be pointed out that this classification is based on the slice number (typically 5-6 536 

sagittal slices per VL) and therefore the correspondence with specific lobuli is only an 537 

approximation. 538 

  539 

Discussion 540 

In this paper, we present a series of experiments revealing an unprecedented molecular 541 

mechanism that has evolved in the octopus brain to mediate activity-dependent long-term 542 

synaptic plasticity. Likely adapted from molluscan nitrergic neuromodulation systems 543 

(Wright, 2019; Moroz and Kohn, 2011), this mechanism may provide the octopus VL with 544 

cellular processes supporting associative Hebbian plasticity, similar in principle to those 545 

provided by NMDA-receptors in the mammalian hippocampus (Malenka 2003; Malenka 546 

and Nicoll 1999; Caya-Bissonnette and Béïque, 2024). 547 

The effects of NOS inhibitors on LTP expression and maintenance, particularly in the 548 

group with ‘ fast’ and pronounced inhibitory effect of L-NNA , led us to propose that LTP 549 

in the octopus VL is mediated by a novel NO-dependent “molecular memory switch”. We 550 

propose (see Fig. 8A) that activity elevates intracellular Ca²⁺ which triggers LTP induction 551 

(green arrow) through NOS activation in the postsynaptic neuron (i.e., SAMs). NO then 552 

diffuses retrogradely to the presynaptic SFL bouton (blue arrow), where it facilitates 553 

transmitter release (i.e., LTP expression). In parallel (red arrow), NO mediates LTP 554 

maintenance through a positive feedback loop that dynamically ‘locks’ NOS in active 555 

states. Two models are proposed (Figs. 8A and B). Both models, assume PKC 556 

involvement in LTP induction, consistent with our finding that brief exposure to the PKC 557 

activator phorbol ester (5 µM PDBu) induces long-term potentiation that was blocked by 558 

L-NNA (Turchetti-Maia et al., 2016 SfN abst). To account for the facilitatory effect of 5-HT 559 

on LTP induction (Shomrat et al., 2010), we assume that 5-HT activates phospholipase C 560 
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(PLC), generating diacylglycerol (DAG), which acts synergistically with Ca²⁺ to promote 561 

PKC activation. 562 

Our results show that LTP maintenance and expression require unusually high NO 563 

concentrations, indicating noncanonical mechanisms involving direct covalent protein 564 

modification (e.g., S-nitrosylation) (Santos et al., 2015; Hall and Garthwaite, 2009). We 565 

therefore consider two mechanisms for persistent NOS activation. In the first (Fig. 8A), 566 

positive feedback loop involves direct NO-dependent reactivation of PKC, whereas in the 567 

second (Fig. 8B), it involves direct NO-dependent reactivation of NOS.  568 

Previous studies demonstrate that NO-dependent covalent modification can modulate 569 

both PKC and NOS activity (Balafanova et al., 2002; Choi et al., 2011; Ravi et al., 2004), 570 

supporting the mechanistic plausibility of both models.  571 

As the reversible inhibition of expression and the irreversible block of maintenance are 572 

correlated with strong and weak synapses, respectively, it is yet to be explored whether 573 

the two blocking modes are based on a single enzymatic cascade, which works differently 574 

depending on the strength of the postsynaptic response.  575 

 576 

Does persistent, protein synthesis-independent NOS activation 577 

underlie long-term memory storage in the octopus? 578 

Although we found that the VL LTP appears to be maintained independently of de novo 579 

protein synthesis, consistent with the proposed ‘molecular switch’ mechanism, it is difficult 580 

to envision how such a mechanism alone could account for the remarkably long-lasting 581 

memory storage exhibited by the octopus. 582 

Several lines of evidence indicate that, although the VL and its LTP are critical for acquiring 583 

new memories, the VL itself is unlikely to serve as the long-term storage site. Lesion 584 

studies showed that removal of the VL after training did not impair recall of previously 585 

learned tasks (Boycott and Young, 1956; Muntz et al., 1962). Likewise, Shomrat et al. 586 

(2008) showed that transection of SFL input to the VL, or interfering with VL LTP by global 587 

tetanization, impaired acquisition of new memories without abolishing of previously 588 

learned tasks. Together, these findings suggest that VL output may regulate de novo 589 
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protein synthesis-dependent memory consolidation in circuits outside the VL. Consistent 590 

with this interpretation, cytochalasin D, which interferes with protein transport, blocked 591 

tactile learning in octopuses (Robertson, 1994), and cycloheximide, a protein synthesis 592 

inhibitor, impaired the acquisition of long-term memory in cuttlefish (Agin et al., 2003).  593 

 594 

NO mediates the presynaptic expression of LTP via a retrograde 595 

messenger pathway 596 

As described in the Results, we found that NOS is expressed in the primary, non-597 

bifurcating neurites of the simple amacrines SAMs (Fig. 1E,F). Stern-Mentch et al. (2022) 598 

reported a similar pattern of immunolabeling for cChAT. Together, these findings suggest 599 

that a substantial proportion, if not all, of the cholinergic SAMs express NOS, thereby 600 

supporting the working hypothesis that the ‘molecular switch’ is confined to the 601 

postsynaptic side of the SFL-to-SAM synapse (schematized in Fig. 8A).  602 

According to this model a sufficiently strong SFL-evoked postsynaptic response in the 603 

SAM, such as during HF stimulation, switches NOS into a persistently active state, leading 604 

to a continuous production of NO. NO then diffuses retrogradely to the presynaptic side of 605 

the activated synapse, where it facilitates probability of glutamate release (Fig. 8A). 606 

Strikingly, Bidel and Meirovitch et al. (2023) found that each SAM receives only a single 607 

SFL input via a large presynaptic bouton that synapses onto an enlarged, palm-like 608 

postsynaptic specialization on the SAM neurite (Fig. 1G). This prominent glomerular-like 609 

structure increases the area of close apposition between the pre- and postsynaptic 610 

membranes, thereby spatially constraining NO diffusion into the presynaptic compartment 611 

of the synapse.  612 

Can the ‘molecular switch’ confer input (synaptic) specific LTP?  613 

To address this question, it is important to recall two key characteristics of VL LTP 614 

described by Hochner et al. (2003). First, LTP induction is restricted to the tetanized group 615 

of SFL axons (Fig. 4 in Hochner et al., 2003), providing experimental evidence that VL 616 

LTP is input-specific. Second, during 50 Hz stimulation, the postsynaptic responses 617 

display a pronounced initial facilitation followed by depression. Importantly, however, the 618 
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total transmitter output—measured as the integrated area of the fPSPs during the stimulus 619 

train—remains unchanged following LTP induction (Fig. 3 in Hochner et al., 2003). This 620 

finding indicates that LTP most likely involves a robust increase in the probability of 621 

transmitter release, while the readily releasable pool remains unchanged. This led 622 

Hochner et al., (2003) to conclude that LTP is expressed predominantly, if not entirely, 623 

through presynaptic facilitation of transmitter release.  624 

Given that VL LTP is input-specific and presynaptically expressed, we propose that the 625 

high NO concentrations required for NO-dependent signaling, generate steep effective 626 

concentration gradients (see Martinez-Ruiz et al., 2013; Garthwaite, 2016) restricting NO 627 

action to a single enlarged synaptic glomerulus (Fig. 1G). 628 

By contrast, activation of the canonical NO–sGC–cGMP cascade, which operates at 629 

substantially lower NO concentrations, would be expected to permit broader NO diffusion 630 

and heterosynaptic spread of synaptic potentiation, similar to that observed at cerebellar 631 

parallel fiber–Purkinje cell synapses (Jacoby et al., 2001), and therefore would be 632 

incompatible with a mechanism that preserves synaptic specificity. 633 

Although direct neurophysiological evidence assessing the involvement of S-nitrosylation 634 

in either pre- or postsynaptic expression of LTP remains scarce, numerous studies have 635 

demonstrated S-nitrosylation of proteins associated with both presynaptic and 636 

postsynaptic structures (see Santos et al., 2015). Of particular relevance are several 637 

proteins of the presynaptic release machinery reported to undergo S-nitrosylation, 638 

including, for example, SNAP-25, dynamin, syntaxin-1 and -2, and synaptobrevin (see 639 

Bradley and Steinert, 2016 and Lundberg and Weitzberg, 2022).         640 

 641 

Can the ‘molecular switch’ provide the mechanism for 642 

postsynaptically-dependent (Hebbian) associativity?  643 

While LTP at a single SFL input into each SAMs can provide the essential learning rule of 644 

‘input (synaptic) specificity’, it is harder to understand how plasticity at a one-to-one 645 

innervation pattern can provide the other fundamental rule of ‘synaptic associativity’ 646 

(Malenka and Nicoll 1999; Malenka 2003; Caya-Bissonnette and Béïque, 2024).  647 
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 Synaptic associativity requires a mechanism whereby only the synapses that are 648 

activated together will facilitate each other’s likelihood to undergo LTP. Because we found 649 

that NO by itself induces only short-term facilitation (Fig. 5), it suggests that NOS will be 650 

“switched ON”, only in the SAMs that are both activated and in which the intracellular NO 651 

concentration reaches a certain threshold thus providing a ‘coincident-detector’ 652 

mechanism. It is tempting to speculate, therefore, that coactivated SAMs, especially as 653 

their neurites are densely packed in an “association module” (Bidel and Meirovitch et al., 654 

2023) could influence each other’s NO levels via extrasynaptic volume transmission, 655 

leading to an associative “switching ON” of NOS. 656 

Bidel and Meirovitch et al. (2023) reported an intriguing arrangement in which several 657 

SAMs form adjacent synapses onto a single, likely serotonergic bouton (Shigeno and 658 

Ragsdale, 2015; Shomrat et al., 2010). This organization raises the possibility that 659 

synaptic-associativity is achieved through local 5-HT release evoked by coactivated 660 

SAMs. The released 5-HT then, through extrasynaptic volume transmission, facilitates 661 

PKC activation, as proposed in Fig. 8, thus promoting the “switching ON” of NOS 662 

specifically in SAMs that simultaneously experience depolarization and 5-HT receptor 663 

activation. 664 

Preliminary results support the possible involvement of this local serotonergic reciprocal 665 

microcircuitry in LTP induction (Katz et al., 2023; SfN abst).  666 

Finally, these scenarios, acting independently or in combination, may provide the “holy 667 

grail” constellation, enabling both postsynaptically mediated (Hebbian) synaptic 668 

associativity and synaptic specificity through retrograde NO-mediated presynaptic LTP 669 

expression. 670 

Conclusions and Perspectives  671 

We propose that the VL evolved molecular and cellular mechanisms enabling synaptic 672 

specificity and Hebbian-like associativity, thereby providing an alternative solution to 673 

vertebrate NMDA receptor–dependent associative plasticity.  674 

Strikingly, however, NO-dependent LTP is unlikely to be shared across all modern 675 

cephalopods (octopuses, squids, and cuttlefish). Comparison of the VL of Octopus 676 
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vulgaris and the cuttlefish Sepia officinalis reveals a pronounced divergence in nitrergic 677 

signaling: the octopus VL exhibits intense NOS activity (Fig. 1D–F), whereas the cuttlefish 678 

VL shows no detectable NOS activity (Steren-Mentch, 2018; Steren-Mentch et al., 2022). 679 

We think that this divergence relates to the dichotomous difference in the synaptic loci of 680 

LTP expression in this homologous fan-out/fan-in circuits: in octopus, LTP occurs at the 681 

fan-out SFL-to-SAM input layer, whereas in cuttlefish LTP is expressed at the fan-in AM-682 

to-LN output layer (Shomrat et al., 2011). 683 

Interestingly, the octopus VL represents a rare example of activity-dependent LTP at the 684 

fan-out input layer, whereas in most biological and computational feed-forward fan-685 

out/fan-in networks, including the cuttlefish VL, LTP occurs at the fan-in output layer. We 686 

therefore propose that the nitrergic system in Octopus vulgaris evolved to enable LTP 687 

specifically at the input layer. Implementing the ‘molecular switch’ at the one-to-one SFL-688 

to-SAM synapses may thus transform each synapse into a “memory unit” tuned to “learn” 689 

a particular visual feature conveyed by its specific SFL axon. It is tempting to speculate 690 

that each SAM provides a functional analogue of a hippocampal dendritic spine, where 691 

localization of voltage- and glutamate-gated NMDA receptors to the spine head restricts 692 

synaptic plasticity to the activated spine.  693 

It would be valuable to further explore the molecular novelties enabling this form of LTP in 694 

the octopus. Genomic and transcriptomic studies have revealed extensive cephalopods 695 

innovations, including genome reorganization, gene-family expansion, and tissue-696 

dependent mRNA editing (Albertin et al., 2015, 2022; Liscovitch-Brauer et al., 2017). 697 

These processes may have contributed to adapting basal molluscan synaptic plasticity 698 

mechanisms (Hawkins et al., 2006; Kandel, 2001; Kandel et al., 2014; Hochner and 699 

Glanzman, 2016; Byrne et al., 2024) for implementation within the octopus VL network, 700 

allowing the emergence of network properties underlying the animal’s remarkable 701 

cognitive behavior.  702 

 703 

704 
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Figure Legends  1001 

 1002 

 1003 

Figure 1. The areas in the octopus brain that are involved in learning and memory 1004 
are localized in district lobes which express intense NOS activity. (A) The centralized 1005 
brain of Octopus vulgaris in anterior-dorsal view. The supraesophageal brain complex 1006 
includes the superior frontal lobes (SFL, green) and the vertical lobe (VL, orange), which 1007 
consists of five cylindrical lobuli (modified from Brusca and Brusca, 1990). (B) A sagittal 1008 
section of the sub- and supraesophageal brain complexes (modified from Nixon and 1009 
Young, 2003) showing the location of the SFL-VL system (visual L&M system; red line) 1010 
and the IFL-SubFL system (chemo-tactile L&M system; blue line) (VL = vertical lobe; 1011 
SubVL = subvertical lobe; SFL = superior frontal lobe; IFL = inferior frontal lobe; SubFL = 1012 
subfrontal lobe; SBL = superior basal lobe; aBL = anterior basal lobe; mBL = medial basal 1013 
lobe; dBL = dorsal basal lobe; BRN = brachial nerve; mPL = medial pedal lobe; PVL = 1014 
palliovisceral lobe. (C) A schematic wiring diagram of the neural elements of the VL 1015 
system, showing the basic connectivity (based on Bidel and Meirovitch et al., 2023) (SFLn 1016 
= SFL neurons; SAM = simple amacrine; CAM = complex amacrine; LN = large efferent 1017 
neuron). The type of transmitters, the synaptic sites, the number of cells and the site of 1018 
LTP are indicated by the corresponding colors. (D-F) Histochemical detection of NO-1019 
synthase (NOS) activity, by NADPH diaphorase staining in slices of the supraesophageal 1020 
brain mass (modified from Stern-Mentch et al., 2022). (D) Sagittal section; note intense 1021 
labeling of the neuropil in VL (1) and SubFL (2). (E) Higher magnification of the respective 1022 
areas in D. Arrows point to labeled bundles of primary neurites emerging from AMs in the 1023 
cell body cortex. (F) Transversal section through the five lobuli composing the VL, showing 1024 
intense labeling of their neuropil. (G) Volume EM reconstruction showing the structure of 1025 
a simple amacrine neuron (SAM) and an enlargement of the one-to-one SFL-to-SAM 1026 
synaptic connection (modified from Bidel and Meirovitch et al., 2023). 1027 

Figure 2. NOS inhibitors do not block activity-dependent LTP induction.  In both 1028 
panels A and B, fPSP2/TP2 amplitudes were normalized to the final potentiated level 1029 
measured during the last 5 min of the experiment (n = 10 responses). TP2 amplitudes 1030 
were normalized to the mean TP2 amplitude (n = 10) recorded during the first 5 min of the 1031 
control period. (A) Exposure of slice preparations to the NOS inhibitor L-NNA (10 mM; red 1032 
bar; n = 7) led to a reduction in baseline fPSP2/TP2 amplitude. High-frequency (HF) 1033 
stimulation (vertical dashed lines) induced stable synaptic potentiation. Insets show 1034 
averages of 10 LFP traces recorded at the indicated times. Washout of L-NNA resulted in 1035 
slow recovery to a potentiated fPSP2/TP2 level. A second HF stimulation failed to induce 1036 
additional potentiation, indicating saturation of LTP. Note that L-NNA had no effect on TP 1037 
amplitude (filled circles and representative LFP insets). (B1) In contrast to L-NNA, both D-1038 
NAME (10 mM; n = 5) and L-NAME (10 mM; n = 5) reversibly attenuated TP amplitude. 1039 
(B2) Note that the normalized fPSP2/TP2 amplitudes shown in B2 were corrected for drug-1040 
induced changes in the normalized TP amplitude shown in B1. (explained below). 1041 
Application of L-NAME (10 mM; n = 5) produced a significant reduction in baseline 1042 
fPSP₂/TP₂ amplitude compared with the inactive enantiomer D-NAME (10 mM; n = 5). HF 1043 
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stimulation in the presence of either drug induced a transient potentiation. Upon washout, 1044 
L-NAME, but not D-NAME, revealed a higher level of potentiation (see text).  To 1045 
compensate for the drug-induced attenuation of TP amplitude, we assumed that the linear 1046 
relationship between fPSP and TP amplitudes (Shomrat et al., 2011) is unaffected by the 1047 
drugs. This allowed us to correct the normalized fPSP2/TP2 values by scaling them with 1048 
the corresponding normalized TP2, according to: corrected (fPSP2/TP2)norm corr = 1049 
(fPSP2/TP2)norm × (TP2)norm. 1050 

Figure 3. NOS inhibitors do block LTP expression. Each panel (A-C) shows the effect 1051 
of the corresponding drug on fPSP2/TP2 amplitude that were normalized to the LTP levels 1052 
measured before the administration of the drugs. (A) The inactive enantiomer control D-1053 
NAME (10 mM, n=6). (B) The NOS inhibitor L-NAME (10 mM, n=5), and (C) the NOS 1054 
inhibitor L-NNA (10 mM, n=6). The drug’s perfusion (red bar) started 10 min after LTP 1055 
induction (vertical dashed line). The normalized fPSP2/TP2 in A and B were corrected for 1056 
the effect of D-NAME and L-NAME on TP2 amplitudes (see legend Fig. 2).  A second HF 1057 
was given 7.5 min before starting the drugs washout. A third HF was given toward the end 1058 
of the recovery phase to check for residual LTP. The average PPF index is shown in the 1059 
histograms to the right of each panel. The PPF index estimates the effect of the drugs on 1060 
paired pulse facilitation (PPF-index = [(fPSP2/TP2) — (fPSP1/TP1)]/(fPSP2/TP2) (see 1061 
Supplemental Figure 1). Each bar shows the average and SE calculated over 10 min time 1062 
intervals marked in C (cont., LTP, block, and recovery). PPF-index values greater than 1 1063 
(i.e., fPSP1< noise) were averaged as 1. The numbers between the bars depict the p-1064 
value of paired t-test of: LTP vs. block and block vs. recovery.  Data shown as mean ± 1065 
SEM. 1066 

Figure 4. Persistent increase in NO concentration mediates the long-term 1067 
presynaptic LTP expression. (A-C) L-NNA (10 mM) reversibly blocks LTP expression, 1068 
irrespective of the time window after LTP induction: A, 10 min (n=4); B, 90 min (n=5); and 1069 
C, 240 min (n=3). fPSP2/TP2 is normalized to LTP level obtained after the first HF 1070 
stimulation. To detect residual LTP a second HF was delivered 40 min after starting L-1071 
NNA washout. (D-F) Amperometric measurement of NO concentration. (D) Current 1072 
signals obtained by repeated insertions of the carbon fiber microelectrode (CFM) into the 1073 
VL neuropil at the indicated times (blue dots). The corresponding fPSPs are shown in the 1074 
upper insets (red lines mark fPSPs amplitude). The second HF stimulation was delivered 1075 
when the electrode was inside the tissue. (E) A significant correlation (linear regression 1076 
R² = 0.916, p = 5.1 × 10⁻⁵, n = 9) between fPSP/TP amplitude and the amperometric NO 1077 

signal as expressed by the difference between the currents measured inside and outside 1078 
the neuropil (the same experiment shown in D). (F) Histogram depicting the averaged 1079 
responses from five experiments, similar to that shown in D. For each measurement (i.e., 1080 
electrode insertion), the maximal current measured after electrode insertion (the first blue 1081 
circle in D) was normalized relative to the holding current measured prior electrode 1082 
insertion (black circles in D). Measurements were grouped with respect to two tests before, 1083 
and three tests after HF stimulation (arrow). Data are presented as mean ± SE. A delayed 1084 
increase in the NO signal was observed following HF stimulation, as indicated by a 1085 
significant difference between test #2 and the second post-HF test (#4) (paired t-test: t(4) 1086 
= 3.50, p = 0.025), as well as between the averaged pre-HF tests (#1 + #2) and the 1087 
averaged post-HF tests (#4 + #5) (paired t-test: t(4) = 4.21, p = 0.013). 1088 
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Figure 5. A considerably high range of NO concentrations is required for inducing 1089 
short-term facilitation of transmitter release. (A) An example of the effects of exposing 1090 
a slice preparation to millimolar concentrations of the NO donor SNAP (2 mM in the 1091 
presence of 20µM CuCl2 to facilitate the release of NO) caused a dramatic transient 1092 
facilitation of fPSP that was terminated due to the neurotoxic effect of NO on the tract 1093 
action potential (insets numbers correspond to the numbers on the graph). (B) Local 1094 
pressure injections of sub-microliters bolus of 10 mM SNAP, close to the recording site, 1095 
induced short-term facilitation of fPSP. fPSP2/TP2 amplitudes are normalized to that in 1096 
control. The insets show the average ± SE (gray envelope) of the fPSPs LFPs (the TPs 1097 
are truncated) recorded in seven experiments (each experiment was first normalized to 1098 
the amplitude of TP1 and then aligned at the negative peak of the TPs). The calibration 1099 
bar (0.01 TP), indicates 0.01 of normalized TP amplitude (TP=1). Note that the average ± 1100 
SE of fPSP1 amplitude falls significantly below the zero dashed line only during SNAP 1101 
injection (inset #2), whereas fPSP2 shows a transient facilitation.  Data shown as mean ± 1102 
SE.  1103 

Figure 6. Long-term LTP maintenance is independent of de novo protein synthesis. 1104 
(A-B) Testing the effect of exposure to anisomycin (20 μM, blue bars) on VL LTP induction 1105 
and maintenance. (A) Example of a long-duration experiment (10 hr). A second HF 1106 
stimulation, at 200 min, shows saturated LTP maintenance. (B) Population average of four 1107 
experiments (mean ± SEM) showing the reversible effects of anisomycin on fPSP2/TP2 1108 
and TP amplitudes. Note that L-NNA (10 mM, red bar) blocked the anisomycin-resistant 1109 
LTP expression. (C) Confocal microscopy images of de novo protein synthesis using the 1110 
FUNCAT assay (see Methods). C1 and C4: transmission bright-field images of the cell 1111 
body cortex area. C2 and C3 are fluorescent images showing intense fluorescent signals, 1112 
reporting protein synthesis, in the control. C5 and C6 show that this signal is largely 1113 
suppressed by anisomycin. The white squares in C1, C2 and C4, C5 mark the areas of 1114 
magnification displayed in C3 and C6 respectively. 1115 

Figure 7. NO is involved in both LTP expression and maintenance. (A and B) Eleven 1116 
experiments shown in Figure 4A-C in which 10 mM L-NNA was administered 10, 90, and 1117 
240 min after LTP induction were aligned at 10 min before the administration of the drug. 1118 
This enabled the segregation of the inhibition kinetics into two groups (see text). (A) A 1119 
group of large normalized fPSP (fPSP2/TP2) and a ‘slow’ inhibition time course (n=6; red 1120 
curves), and a group of small fPSP and a ’fast‘ inhibition time course (n=5; blue trace). (B) 1121 
The experiments shown in A were normalized to the level of LTP before L-NNA 1122 
application. This depiction highlights the differences between the ‘slow’ and ‘fast’ inhibition 1123 
kinetics and their responses to a second HF, which induced abrupt potentiation in the ‘fast’ 1124 
group. (C and D) Testing the effect of L-NNA on activity-dependent ‘slowly developing 1125 
potentiation’ (SDP), which is initiated by increasing the rate of the test pulses from 0.033 1126 
Hz to 0.1 Hz (first vertical dashed line). This set of experiments could also be segregated 1127 
into a large fPSP2/TP2, with a slower time-course of inhibition (red; n=4) and a small 1128 
fPSP2/TP2 (blue; n=3) with a fast and complete block of SDP. HF stimulations were 1129 
delivered during the steady-state level of inhibition (1st HF) and at the recovery from 1130 
inhibition (2nd HF). (D) The experiments in C were normalized to the level of LTP obtained 1131 
after the second HF stimulation. (E) Panel showing the three individual experiments 1132 
comprising the ‘fast group in C and D. (F) Distribution of the two types of LTP across the 1133 
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five VL lobuli, based on the 18 experiments (11 HF-induced LTP and 7 SDP) The ‘fast’ 1134 
inhibition is prevalent in the medial lobule while ‘slow’’ inhibition is prominent in the two 1135 
lateral lobuli. In the medial/lateral lobuli, both types exist (see Fig. 1F). 1136 

Figure 8. Two possible ‘molecular switch’ models for the NO-dependent long-term 1137 
maintenance and presynaptic expression of LTP in the octopus VL. In A, the 1138 
molecular schemes are divided into those in the large postsynaptic palm-like structure of 1139 
the SAM (orange) and those in the enlarged presynaptic bouton of the SFL (green) (see 1140 
Fig 1G). In both models, LTP induction involves PKC activation triggered by Ca²⁺ influx 1141 

through voltage-gated Ca²⁺ channels. In addition, 5-HT can facilitate LTP induction 1142 

through the activation of a G protein-coupled receptor (GPCR), leading to phospholipase 1143 
C (PLC) activation and the generation of diacylglycerol (DAG), which acts to promote PKC 1144 
activation. For more details, see text. 1145 
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