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Behavioral di�erences among domestic cats 
in the response to cat-attracting plants and their 
volatile compounds reveal a potential distinct 
mechanism of action for actinidine
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Abstract 

Background: It has been known for centuries that cats respond euphorically to Nepeta cataria (catnip). Recently, 

we have shown that Lonicera tatarica (Tatarian honeysuckle), Actinidia polygama (silver vine), and Valeriana officinalis 

(valerian) can also elicit this “catnip response”. The aim of this study was to learn if the behavior seen in response to 

these plants is similar to the response to catnip. Furthermore, we studied if these responses are fixed or if there are 

differences between cats. While nepetalactone was identified decades ago as the molecule responsible for the “catnip 

response”, we know that this volatile is found almost exclusively in catnip. Therefore, we also aimed to identify other 

compounds in these alternative plants that can elicit the blissful behavior in cats.

Bioassays with 6 cats were performed in a low-stress environment, where 5 plants and 13 single compounds were 

each tested for at least 100 and 17 h, respectively. All responses were video recorded and BORIS software was used to 

analyze the cats’ behavior.

Results: Both response duration and behavior differed significantly between the cats. While individual cats had 

preferences for particular plants, the behavior of individual cats was consistent among all plants. About half a dozen 

lactones similar in structure to nepetalactone were able to elicit the “catnip response”, as were the structurally more 

distinct molecules actinidine and dihydroactinidiolide. Most cats did not respond to actinidine, whereas those who 

did, responded longer to this volatile than any of the other secondary plant metabolites, and different behavior 

was observed. Interestingly, dihydroactinidiolide was also found in excretions and secretions of the red fox, making 

this the first report of a compound produced by a mammal that can elicit the “catnip response”. A range of different 

cat-attracting compounds was detected by chemical analysis of plant materials but differences in cat behavior could 

not be directly related to differences in chemical composition of the plants. Together with results of, among others, 

habituation / dishabituation experiments, this indicates that additional cat-attracting compounds may be present in 

the plant materials that remain to be discovered.

Conclusions: Collectively, these findings suggest that both the personality of the cat and genetic variation in the 

genes encoding olfactory receptors may play a role in how cats respond to cat-attracting plants. Furthermore, the 

data suggest a potential distinct mechanism of action for actinidine.
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Background
Cats are lured by the volatiles of several plant species 

and unlike any other animal they demonstrate what 

appears to be blissful behavior in response to smell-

ing them. Of these plants, the species Nepeta cataria 

(catnip) and Actinidia polygama (silver vine) are best 

known to elicit such a response. �e former is com-

monly used by cat caregivers in Europe and North 

America, while the latter is more popular in Asia, 

where it is also known as matatabi. After sniffing these 

plants, head rubbing and rolling over are typically 

observed, and this behavior is generally referred to as 

the “catnip response” [1, 2]. While the joyful effects of 

some plants from the genus Nepeta on cats has been 

known to humans for centuries [3, 4], it is still unclear 

if there is a biological reason for the response of cats to 

this select group of plants. It is believed that felines are 

not the intended recipients of the allomones produced 

by these plants. �e unique response of cats to these 

plant volatiles appears to be fortuitous, since plants 

produce these secondary metabolites to protect them-

selves against phytophagous or parasitic insects. �e 

cat-attracting compounds synthesized by a small num-

ber of species within the plant kingdom are identical or 

closely related to insect pheromones or allomones [5, 

6]. Insects release these chemicals when in danger [7, 

8], and for this reason, it is assumed plants produce and 

release these chemicals to send a warning message to 

phytophagous insects [9–11]. Recently, Nadia Melo and 

her colleagues revealed the molecular mechanism by 

which the iridoid nepetalactone repels insects [12].

Nepetalactone, found in Nepeta cataria, was the first 

compound identified as being able to elicit the catnip 

response [13]. Several other compounds similar in 

structure have been reported to have effects compara-

ble to nepetalactone [14–18], but bioassays with cats 

were not performed. However, behavior analogous to 

the “catnip response” was observed when felines were 

exposed to A. polygama, Lonicera tatarica (Tatarian 

honeysuckle), and Valeriana officinalis (valerian) root, 

all containing little to no nepetalactone [1]. �ose 

results suggest other compounds are also able to elicit 

the “catnip response”. Unpublished work (doctoral dis-

sertation) by Nelson and Wolinsky done more than 50 

years ago provided some more insight into which com-

pounds might be able to elicit the “catnip response” 

in domestic cats, which included several lactones 

(nepetalactone, epinepetalactone, iridomyrmecin, 

isoiridomyrmecin, dihydronepetalactone, isodihydro-

nepetalactone, neonepetalactone) and matatabiether 

[19]. Results from a recent study by Reiko Uenoyama 

et al. that were published while this manuscript was in 

preparation, indicated that domestic cats respond to 

a variety of lactones (nepetalactone, iridomyrmecin, 

isoiridomyrmecin, dihydronepetalactone, isodihydro-

nepetalactone) as well as nepetalactol [20]. Most of 

what is known about the behavior of domestic cats seen 

in response to cat-attracting plants originates from a 

limited number of studies where only catnip was used 

[2, 21–23]. With this study, we tried to answer sev-

eral questions, including the following. (i) We wanted 

to know if the cats’ behavior to other known cat-

attracting plants is the same as to catnip. To this end, 

we performed comprehensive behavioral analysis of 6 

domestic cats in response to Actinidia polygama (silver 

vine), Lonicera tatarica (Tatarian honeysuckle), Vale-

riana officinalis (valerian), and the arcane Acalypha 

indica (Indian nettle) and compared these responses to 

the behavior seen in response to Nepeta cataria (cat-

nip). (ii) In addition, we wanted to learn if the “catnip 

response” is a fixed, predictable, biological response to 

these cat-attracting plants, or if there is variation in the 

response between cats. �erefore, we also compared 

the observed behavior between the 6 cats. (iii) Further-

more, we wanted to know which single compounds the 

cats respond to and understand which features of these 

molecules are responsible for the response. For this 

reason, we studied the response of domestic cats to all 

lactones tested by Uenoyama et  al., but also included 

indole, neonepetalactone, isoneonepetalactone, and the 

structurally more distinct actinidine (a pyridine) and 

dihydroactinidiolide (a furanone), both known to be 

present in A. polygama [1, 16, 24, 25]. Not only did we 

test if cats responded to these compounds from differ-

ent classes, but (iv) we were also interested to see if the 

cats’ behavior varies between the different compounds 

or between cats. After video recording the responses 

of 6 domestic cats to 5 different plants and 13 single 

compounds on 72 days between the summer of 2018 

and the winter of 2020, we analyzed 470 responses 

to plants, totaling over 8 h of response time, and 217 

responses to single compounds, totaling over 2.5 h of 

response time. Of these, the behavior of 179 responses 

(88 to plants and 91 to single compounds), totaling over 

77 and 80 min, respectively, were analyzed in detail 

using behavioral analysis software. In addition to the 

Keywords: Feline, Olfaction, Catnip, Nepetalactone, Dihydroactinidiolide, Scent, Enrichment, Silver vine, Tatarian 

honeysuckle, Valerian
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behavioral studies, (v) we quantified the amount of the 

various single compounds in the plants that were used 

in this study in an attempt to correlate these with the 

duration and behavior seen in response to the plants.

Results
The duration of the response to cat-attracting plants 

di�ers between cats

In a previous study, we tested the response of 100 domes-

tic cats to N. cataria, A. polygama, L. tatarica, and V. 

officinalis [1]. Results from that study indicated that 

cats who did not respond to N. cataria (catnip) often 

responded to at least one of the other three plants. 

Because plants were available to the cats for up to only 

1 h, we limited our analysis to scoring the absence or 

presence of the “catnip response” and did not study 

their behavior in detail. Here we studied the response 

of 6 domestic cats (Table 1) in their familiar, permanent 

home environment to the same 4 plants used in our pre-

vious study, plus Acalypha indica (Indian nettle) (Fig. 1, 

Table 1 Age, breed, hair-color and pattern, and gender of the cats who participated in the study

a  Age in years (Y) and months (M) at the start of the study

Name (abbreviation) Agea Breed Color / pattern Gender

Aguereberry (A) 11Y 1M Domestic short-haired Calico Female

Harvey (H) 1Y 4M Domestic short-haired Orange Female

Namibia (N) 3Y 5M Domestic short-haired Gray tabby Female

Olli (O) 3Y 5M Domestic short-haired Black Male

Vlinder (V) 3Y 5M Domestic short-haired Gray tabby Female

Zappa (Z) 6Y 6M Domestic short-haired Tortoiseshell Female

Fig. 1 Botanical illustration of the cat-attracting plants used in this study. Not all tissues of these plants have an effect on cats. Cats respond to 

(from left to right) the barkless wood of Lonicera tatarica, the leaves of Nepeta cataria, the roots of Acalypha indica and Valeriana officinalis, and 

to the woody stem, leaves, and kiwi fruit galls of Actinidia polygama. The silver vine fruit galls (deformed fruits) are induced by the female gall 

midge Pseudasphondylia matatabi, who lays her eggs in the A. polygama flower buds. The illustration of P. matatabi was based on photographs of 

Pseudasphondylia kiwiphila and Pseudasphondylia elaeocarpi. This botanical illustration was created by Vicky Earle from Draw in Nature Studio and 

was commissioned by Cowboy Cat Ranch
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Table  2, Additional file  1: Figure S1A-F), which has not 

been tested before to our knowledge. To allow for a com-

prehensive analysis of cat behavior in response to the cat-

attracting plants, each plant was presented to the cats, 

spread over 10 days (Additional file 1: Figure S2A). �is 

dataset was analyzed for differences in (1) response dura-

tion and (2) behavior in response to these plants between 

(A) the cats and (B) the plants tested.

All but one of the 6 cats responded to all 5 plants 

tested (Fig.  2 and Additional file  1: Figure S3), and all 

responses to the plants could be classified as “catnip 

responses”, meaning the cats showed (a combination 

of ) behaviors listed in Table  3 and shown in Addi-

tional file  2: Video 1. We observed approximately 2 h 

of responses to A. polygama and L. tatarica, 1.5 h to 

N. cataria and A. indica, and 1 h to V. officinalis. Since 

5 of the 6 cats in this study had never responded to N. 

cataria in the past, two different brands of catnip were 

used to investigate whether fluctuations in the level of 

active compounds in different sources of catnip could 

account for variation in (or lack of ) attractiveness. One 

sock contained catnip from the brand Frontier, the 

other from the brand SmartyKat. When comparing the 

daily total response duration to both catnip brands for 

each cat separately, we observed that cat O responded 

significantly longer to the catnip from Frontier (Addi-

tional file 1: Figure S4). �is finding suggests there may 

be a difference between the two brands of catnip that 

were used in this study, but overall, many and robust 

responses were observed from all 6 cats to catnip from 

both brands.

While previous work had suggested domestic cats 

respond euphorically to A. indica (Indian nettle) root 

in a similar fashion to catnip [18], this plant has never 

been tested on cats in a controlled study. Since the cat-

attracting effect of A. indica root quickly disappears after 

harvest [18] and its geographical distribution does not 

extend to North America, roots were lyophilized imme-

diately after collection on Christmas Island, Australia, 

in an attempt to preserve their effect on cats. Our data 

show that the response duration to the lyophilized roots 

of Indian nettle was similar to the other plants that were 

tested.

�e cats only sparsely interacted with the negative con-

trols (green tea). �e total response time (any engage-

ment with the object, not behavior specific to the “catnip 

response”) from all cats to the negative controls after 500 

h availability was just over 6 min, which is approximately 

1% of the observed response time to the cat-attracting 

plant materials (490 min). Nearly all interactions with 

the negative control were from cat V and most of them 

occurred when A. polygama was tested. �ree cats never 

engaged with the negative controls.

�ere was no statistically significant difference in total 

response time of the cats between the 5 plants (Fig. 2A). 

Total response time is the sum of the duration of all 

responses and is determined by both response frequency 

and response duration. We also did not find a statistically 

significant difference in the median response duration 

and response frequency of the cats between the cat-

attracting plants. However, when comparing the response 

duration to the 5 different plants between the 6 cats, we 

found these to be significantly different (Fig. 2B). Cats O 

and N responded longer to the cat-attracting plants than 

cat Z. �e differences in total response time to the cat-

attracting plants between the cats could be explained by 

both differences in the length of the responses and the 

frequency of responses. �ese data show there are signifi-

cant differences between cats in how long and frequently 

they respond to cat-attracting plants.

�ere was no statistically significant difference in 

response duration between the various plants, possibly 

because of the large variation between the cats. How-

ever, when we looked at the responses to the various 

plants for each cat individually, we observed that cat H 

responded significantly longer to A. polygama and cat O 

to L. tatarica and N. cataria than to some of the other 

plants (Fig. 3). Interestingly, cat Z showed no interaction 

Table 2 An overview of the plant materials that were used in this study

a  Used as negative control

Plant species (common name) Tissue Source / brand

Acalypha indica (Indian nettle) Roots (lyophilized, cut) Christmas Island, Government of Western Australia

Actinidia polygama (silver vine)
Actinidia polygama varieties “Hot Pepper” (female) and 
“Pavel” (male)

Fruit galls (dried, powder)
Leaves (dried, cut) and stem (lignified, 
dried)

Smack (smack.co.jp)
One Green World (Portland, Oregon, USA)

Lonicera tatarica (Tatarian honeysuckle) Wood (sawdust) The Cat House (Calgary, Alberta, Canada)

Nepeta cataria (catnip) Leaves (dried, cut) Frontier / SmartyKat

Valeriana officinalis (valerian) Roots (dried, cut) Frontier

Camellia sinensis (green tea)a Leaves (dried, cut) Frontier
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at all with the sock containing V. officinalis root over the 

full 5-week testing period.

�e data also show that N. cataria (catnip) was not 

more popular than the other plants tested when compar-

ing across the 6 domestic cats in this study. �e longest 

total response duration after 100 h, as well as the long-

est total response per day, and the longest single response 

was never to N. cataria (Additional file  1: Figure S5). 

�ese results suggest that while catnip might be the 

best-known cat-attracting plant among cat caregivers 

outside of East Asia, the other plants seem to be at least 

as potent.

Behavior observed for cats O and V in response to the 

plant Menyanthes trifoliata (buckbean) suggests this 

plant is also able to elicit the “catnip response”. Fifteen 

grams of dried buckbean leaves (Siberian Herbals) inside 

a sock was offered to cats A, N, O, V, and Z for a couple 

of hours on one day. We observed one response of cat O 

that lasted about half a minute and one response of cat V 

that lasted a little over 1 min.

Fig. 2 Response duration and response frequency of domestic cats to cat-attracting plants. Box and whisker plots showing the total response time, 

median response duration, and the total number of responses of 6 domestic cats to 5 cat-attracting plants. Each dot represents the data of one cat; 

the middle line in the bars shows the median value. Each cat-attracting plant was available for 100 h, the control (green tea) was available for 500 

h (100 h for each of the 5 plants tested). A Data shown per plant. Note the large spread of the data points, indicating large variation in response 

duration and frequency to the various plants between the cats. Differences between the 5 plants (total response duration, median response 

duration, and response frequency) were not statistically significant (P > 0.05, mixed-effects repeated measures ANOVA and Tukey post hoc test, 

corrected for multiple comparisons). We obtained 5 instead of 6 data points for V. officinalis since cat H was unable to participate due to medical 

reasons. For the statistical analysis of the paired data with missing data (cat H), we used a parametric test (mixed-effects repeated measures ANOVA). 

Therefore, for the analysis we used the average values (both the average response time to a plant for each cat and the average of the cats for each 

plant) instead of the median. Using either the average or median data did not affect the outcome of the statistical analysis. B Differences in total 

response time, median response duration, and response frequency between cats. Colors represent the fur color of the cats. Response duration and 

frequency differed significantly between the cats (Kruskal-Wallis). P values shown in the graph are from Dunn’s post hoc tests. *P < 0.05; **P < 0.01, 

***P < 0.001
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The degree of attraction to cat-attracting plants di�ers 

between cats

Next, we looked at the degree of attractiveness of the 

plants. �is was measured by the time it took a cat to 

respond to the plant for the first time after it was made 

available on each of the 10 test days. �e data show no 

difference in attractiveness between the 5 plants we 

tested (Fig. 4A). However, we did observe significant dif-

ferences in how strongly individual cats were attracted to 

the plants (Fig.  4B). �ese results suggest that the time 

to first response is in part determined by the cat’s per-

sonality (consistent differences in behavior between indi-

viduals, e.g., curiosity or fear of missing out), rather than 

intrinsic properties of the plant. �erefore, we also com-

pared the times to first response to the 5 cat-attracting 

plants for each cat separately. Seeing differences in time 

to first response between the plants for individual cats 

may suggest differences in intrinsic properties between 

the plants. Similar to response duration, while we did 

not see differences between the time to first response 

when we looked at the combined data of all 6 cats, we 

did see statistically significant differences in time to first 

response between plants when we analyzed the data for 

each cat separately (Fig.  5). While cat O did not have a 

single day out of the 50 without responding at least once, 

cat Z did not respond at all on about 70% of the days, 

including the 10 days V. officinalis was available. Cat O 

responded to L. tatarica and N. cataria almost imme-

diately on each of the 10 test days. In contrast, the first 

response to V. officinalis of cat O was about 9 h on three 

of the 10 test days. �e opposite was seen for cat V, who 

appeared to be attracted more strongly to V. officinalis 

than to N. cataria. On all 9 days that cat V responded 

to V. officinalis, this was within or around half an hour. 

�ese results suggest that the level of attractiveness of a 

plant is not solely determined by properties of the plant, 

but also by how the cat perceives the plant.

Taken together, these data show that all 5 plants are 

equally capable of attracting domestic cats and eliciting 

the “catnip response”, while both response duration and 

how strongly individual cats are attracted to the plants 

can differ significantly. �ese differences might in part be 

due to variation in olfactory perception and in part to dif-

ferences in the cats’ personalities.

The “catnip response” is di�erent between cats, 

but comparable among various cat-attracting plants

In addition to the quantitative analysis (i.e., duration of the 

response), we also studied the qualitative aspects of the 

responses to the various plants. We created an ethogram 

that is specific for the “catnip response” (Table  3). Some 

of these behaviors may be affected by how the olfactory 

stimulus is offered to the cat. For example, biting and pull-

ing with the object in the cat’s mouth will be possible when 

the plant material or single compound is offered inside 

or on a fabric, respectively, but it will not be observed 

when powder of dried A. polygama fruit galls is sprinkled 

on the floor. In this study, all plant materials and single 

Table 3 Ethogram describing body positions and behaviors seen in domestic cats in response to cat-attracting plants or their volatile 

compounds

a  See Additional �le 2 for a video with examples of these behaviors

Body position Description

Standing The cat is in an upright position with all paws on the ground and the legs extended.

Sitting The cat is sitting in a crouched position: the body is close to the ground, all legs are bent, and the belly is touching or raised slightly 
off of the ground; crouched down to get a closer look at the object, not to be mistaken with crouching because of fear.

Lying on side The cat lies on her or his left or right side.

Lying on back The cat lies on her or his back.

Behavior Description

Bitinga The cat bites the object or has the object in her or his mouth. Sometimes combined with pulling or shaking her or his head.

Head  rubbinga The cat rubs with her or his chin, cheek or forehead against the object.

Head  shakinga The cat shakes her or his head without an object in her or his mouth. Sometimes combined with shaking the rest of the body.

Holdinga The cat holds an object with one or two paws.

Licking The cat passes her or his tongue over the object.

Rakinga The cat makes kicking movements with one or both hind legs against the object. Also known as bunny kicking. Typically seen 
when the cat holds the object with her or his paws or in her or his mouth.

Rippling of  backa Rippling or rolling motion of the cat’s skin in the dorsal lumbosacral region as the underlying cutaneous trunci / panniculus carno-
sus muscles rhythmically contract and relax. Not to be confused with feline hyperesthesia syndrome.

Rolling on  sidea The cat rolls on her or his side or back, from a sternal or lateral body position, respectively.

Twitching of  backa Short (fraction of a second), quick contractions of the cutaneous trunci / panniculus carnosus muscles. Distinct (shorter) from rip-
pling of the back, but possibly related.
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compounds were offered on or in a fabric and therefore 

allowed for comparison between cats, as well as between 

plants or single compounds. Behaviors not mentioned and 

described in the ethogram either did not occur (Flehmen, 

lordosis, vocalization) or were not analyzed because of 

limitations such as camera angle and distance (e.g., drool-

ing). Sniffing was not included because it was considered 

behavior used to detect or identify an odor, not behavior 

in response to smelling odorants. Although not specifi-

cally studied or analyzed, signs of stress, fear, or aggression 

(as determined by, e.g., flattened, backwards ears or a low 

tail close to the body) were never observed. In addition to 

previously described behavior in response to catnip, we 

have added “rippling of the back” and “twitching of the 

back” (Additional file  2). �is behavior is not linked to 

feline hyperesthesia syndrome. �ere is no reaction (bit-

ing, scratching, or licking of the area where the twitching 

or rippling occurs) of the cats to the concerning area of 

the back, rather, the cat seems completely unaffected by 

it. Twitching and rippling of the back appeared to be quite 

specific for the “catnip response” since it was only rarely 

observed on other occasions. “Rolling on the side” reflects 

the frequency of changes in body position (standing/sit-

ting to lying on the side or lying on the side to lying on the 

back). Rippling and twitching of the back, as well as rolling 

on the side and head shaking are extremely short events 

Fig. 3 Response duration to cat-attracting plants shown for each cat individually. Each dot represents the total response duration of 1 day (10 h), 

with the middle line in each box showing the median of these 10 days. Each plant was available for 10 days (total of 100 h). Note that the Y axes 

are not the same for all graphs since the goal was to illustrate differences between the plants for each cat, not between cats. The Kruskal-Wallis test 

was used to test for statistically significant differences between plants. P values shown in the graph are from Dunn’s post hoc tests. *P < 0.05; ***P < 

0.001
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and are therefore reported and shown as events per min-

ute response, whereas all other behaviors are reported and 

shown as the percentage of the total response time. �e 

percentages can exceed 100% since some behaviors can 

be displayed by the cats simultaneously (e.g., holding and 

rubbing, or, holding and raking).

To compare behavior between the cats, we analyzed 5 

responses to N. cataria nearest to 60 s of each cat using 

BORIS behavioral analysis software. Catnip was cho-

sen because the variation in frequency and length of the 

responses of the 6 cats was least for this plant. During 

the response, the cats were mostly either sitting or lying 

on their side. Time spent while standing or lying on their 

back during the response was also observed, but not fre-

quently (Fig. 6). Body position during the response varied 

enormously between the cats. Cat O predominantly lay 

on his side while engaging with the filled sock, cats A, H, 

and Z responded predominantly in a sitting position, and 

cats N and V showed an equal mix of sitting and lying on 

their side (Fig. 7).

Our data also suggest there is large variation between 

cats in most behaviors that are typical for the “cat-

nip response”. Head rubbing the olfactory object was 

the behavior observed most frequently, and although 

it was seen for all 6 cats, there were significant differ-

ences between the cats (Fig.  7, Additional file  3). �e 

response to N. cataria for cats A and H consisted almost 

exclusively of head rubbing, significantly more than for 

cat O. In addition to head rubbing, cat O showed other 

behaviors such as raking or biting while holding the 

object. �e amount of time spent holding the sock, rak-

ing, and biting was significantly greater for cat O than for 

several of the other cats (Fig. 7). Rippling of the back was 

not seen for cats A and H but was a characteristic feature 

of cat Z’s response, where it was seen at high frequency 

(Fig. 7). In fact, about 15% of her response time was rip-

pling of the back. Head shaking, rolling on the side, and 

twitching of the back were seen for most or all cats, with 

no differences between cats for the latter. �e frequency 

of head shaking was significantly different between the 

cats O and Z (Fig. 7). �is behavior seemed to be rather 

specific for the “catnip response” since it was not seen 

during their normal daily activity. None of the cats had 

medical problems with their ears, nor did we observe 

any buildup of wax in their ear canal to account for head 

shaking. We also did not see any scratching or pawing 

aimed at the head or ears, which would be indicative of 

medical problems with the ears. Perhaps this head shak-

ing behavior is similar to “shake-off” behavior seen in 

dogs where it can serve as a “reset button” after excite-

ment, although there is no literature that would support 

this hypothesis. Alternatively, it might be a way for the 

cats to shed excess saliva, since it is known that these cat-

attracting plants can induce drooling [1].

Fig. 4 Time to first response. A The median time till the first response of 6 cats is shown for 5 cat-attracting plants. Each dot represents the median 

time till the first response of 10 testing days of each cat to the cat-attracting plants. Cat H did not participate in testing V. officinalis. There were no 

statistically significant differences in the time to the first response between the plants (P > 0.05, mixed-effects repeated measures ANOVA (paired 

test with missing data; see Fig. 1A)). B The median time till the first response of 5 cat-attracting plants is shown for the 6 domestic cats. Each dot 

represents the median time to first response of 5 cat-attracting plants. The differences between the cats were statistically significantly different 

(Kruskal-Wallis). P values shown in the figure are from Dunn’s post hoc test. ** P < 0.01, *** P < 0.001

Bol et al. BMC Biology           (2022) 20:192 



Page 9 of 38 

Overall, the frequency of rolling on the side was low. 

�e responses of cats N and O seemed more dynamic 

than the response of cats A and Z since rolling on the 

side from a sternal position, or onto the back from 

a lateral position, was seen more frequently with cats 

N and O (Fig.  7). Collectively, these data demonstrate 

that the behavior seen in the “catnip response” is quite 

consistent for each cat, but show enormous variability 

between cats.

Having observed large variation in response traits 

of domestic cats towards catnip, we wondered if their 

idiosyncratic behavioral pattern would be the same 

for all the various cat-attracting plants used in this 

study. As can be seen in Fig. 6, the behavioral pattern 

in response to N. cataria is quite distinct between 

cats A, O, and Z. Cats A and Z have a fairly simple 

behavioral response where they predominantly sat 

and head rubbed the object, with cat Z also frequently 

demonstrating rippling of her back. On the contrary, 

cat O spent much more time lying on his side, raking, 

biting, and holding the object, and rolled on his side 

much more frequently than the other two cats. To test 

if there is a difference in behavioral patterns of cats 

towards different cat-attracting plants, we analyzed 

the behavior of cats A, O, and Z in response to all 

plants tested in this study.

During the response of cat A to any of the 5 plants, 

she predominantly sat and head rubbed the filled socks 

(Fig. 8, cat A). While some licking was seen during some 

of her response to A. polygama and V. officinalis, the 

body position and behaviors of cat A were highly similar 

between catnip and the 4 other plants.

Fig. 5 Time to first response to 5 cat-attracting plants shown for each cat separately. Each dot shows the time it took the cats for their first response 

on each of the 10 test days. Cat H did not participate in the testing of V. officinalis. * P < 0.05 (Dunn’s post hoc test)
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We observed lots of rippling of the back for cat Z in 

response to N. cataria. Behavioral analysis revealed 

that rippling of the back was not specific for catnip, 

but rather part of her general response since it was 

observed in response to all cat-attracting plants (except 

V. officinalis to which she never responded) (Fig.  8, 

cat Z). In addition to rippling of the back, we also 

observed twitching of the back in response to all the 

other plants tested. It is unknown whether rippling of 

the back (wavelike motion) and twitching of the back 

(single contraction on one location lasting a fraction of 

a second) are related. Her body position and behavior 

during the responses to the other cat-attracting plants 

were highly similar in proportion and frequency when 

compared to catnip.

Finally, we compared the behaviors of cat O between 

the 5 different plants. His response to N. cataria was 

the most diverse and complex out of all the 6 cats 

with him predominantly in a lateral position (~85% of 

the response time) when head rubbing (~50%), raking 

(~35%), and biting occasionally (~15%) while holding 

the object (~50%). Cat O rolled on his side from a ster-

nal position 2–3 times per minute response duration, 

and we rarely observed headshaking (without the sock 

in his mouth), and rippling or twitching of his back. In 

line with what we observed for cats A and Z, his behav-

ioral pattern was near identical for all cat-attracting 

plants (Fig. 8, cat O). �e data also suggest however that 

holding and raking was seen less frequently for cat O 

when responding to V. officinalis, especially when com-

pared to N. cataria (Fig. 8, cat O and Additional file 1: 

Figure S6). �ese findings are interesting when con-

sidering the previous observations that cat O was sig-

nificantly less attracted to V. officinalis root than to N. 

cataria (Fig.  5) and that his total response duration to 

valerian root was also less than to other cat-attracting 

plants (Fig. 2).

Taken together, these data suggest that while responses 

between cats vary, the behavior of individual domes-

tic cats to diverse cat-attracting plants is highly similar, 

although the effect of V. officinalis root on cats seems to 

be slightly different.

Fig. 6 Heatmap showing similarities and differences in behavior between 6 domestic cats in response to N. cataria (catnip). For each cat, the five 

responses nearest to 60 s were analyzed using BORIS behavioral analysis software. All P values shown are from the Kruskal-Wallis test. med, median; 

ns, not statistically significantly different; ** P < 0.01; *** P < 0.001; **** P < 0.0001
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Response duration to cat-attracting plants decreases 

with repeated exposure

�e setup of the experiments, with its repeated presen-

tation, allowed us to learn more about possible habitu-

ation (reduced response duration over time to the same 

stimulus) to the cat-attracting plants. Information about 

possible habituation will be useful when giving advice to 

cat caregivers on how to use olfactory stimuli for envi-

ronmental enrichment. Furthermore, seeing differences 

in habituation between plants might suggest the presence 

of different compounds or quantities of these compounds 

in the cat-attracting plants.

�e olfactory stimuli were offered 2–3 days a week, for 

10 h a day, for two periods of 2 weeks (weeks 1–2 and 

4–5), with an interstimulus interval of at least 9 days 

between weeks 2 and 4 (Additional file  1: Figure S2A). 

First, we compared the total response time (median of 6 

cats) during the first 2-week testing period (weeks 1 and 

2) with the second 2-week testing period (weeks 4 and 

5). When we analyzed all 5 cat-attracting plants together, 

we found that the median response time was the same 

(Fig. 9A). We observed a similar pattern when we looked 

at the plants individually, suggesting that either no habit-

uation occurred within the 5-week testing period or that 

the 1-week interstimulus interval was sufficient to reverse 

any habituation that may have occurred during the first 

2-week testing period.

Fig. 7 Body position and behavior of 6 domestic cats observed in response to N. cataria (catnip). Results for “biting”, “head rubbing”, “holding”, “lying 

on side”, and “raking” are shown as time spent relative to the total response duration (percentage), whereas results for “head shaking”, “rippling of 

back”, and “rolling on side” are depicted as the number of events per minute of response. Data for the body position “sitting” is not shown because 

sitting and lying down were mutually inclusive and inversely correlated (Fig. 5). All P values shown are from Dunn’s post hoc tests. * P < 0.05; ** P < 

0.01

Fig. 8 Body position and behavior observed during the response to various cat-attracting plants. For cats A, Z, and O five responses to each plant 

nearest to 60 s were analyzed using BORIS behavioral analysis software. We observed only two responses from cat Z to A. indica. Therefore, two 

responses instead of 5 were analyzed. P values shown are from the Kruskal-Wallis test. med, median; ns, not statistically significantly different; * P < 

0.05

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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To test the latter, we compared the response duration 

between day 1 and day 5, as well as between day 6 and 

day 10. While none of the observed differences were 

statistically significant, we did see a decline in response 

time to A. polygama within both the first and the second 

2-week testing period (Fig.  9B). �e response duration 

on the last day of both 5-day testing periods (days 5 and 

10) was shorter for nearly all cats, suggesting that some 

habituation may have occurred. �e response duration to 

this plant was the highest of all plants tested on the first 

day of both 5-day testing periods.

To learn more about possible habituation to the vari-

ous stimuli, we performed additional experiments where 

the plant material was offered 10 days in a row for 2 or 

12 h per day (Additional file 1: Figure S2B). To rule out 

the effects of potential degradation or complete volatili-

zation of the active compounds over time, two new socks 

with fresh plant material were offered every day. Habitu-

ation was observed for A. polygama (dried fruit gall pow-

der) and L. tatarica (sawdust) (Fig.  10, days 1–10). A 

similar pattern was seen for N. cataria (dried, cut leaves), 

but the difference between day 1 and day 10 was not 

Fig. 9 Response duration to cat-attracting plants over time. Each dot represents data (total response time) of one cat. When all plants were 

compared, each dot shows the median value of the total response durations to the 5 cat-attracting plants. A The total response duration of 6 cats 

to 5 cat-attracting plants during the first 5 testing days (50 h; weeks 1–2) was compared to the total response time during the 5 testing days (50 h) 

during weeks 4–5 (Additional file 1: Figure S2A). The test periods of 2 weeks were separated by a 9-day interstimulus interval. B Total daily response 

time of 6 cats during the first (days 1 and 6) and last day (days 5 and 10) of both 2-week testing periods. Cat H did not participate in testing V. 

officinalis. For all statistical analyses, the paired, non-parametric Wilcoxon matched-pairs signed rank test was used. All P values were > 0.05. Only P 

values < 0.1 are shown
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statistically significant. We did not have enough material 

to also test A. indica. For all plants tested, after 1 to 1.5 

weeks of daily, voluntary exposure (2 or 12 h a day), the 

response duration of each cat was reduced to (close to) 

zero. After the 10-day testing period and possible habitu-

ation to the plant materials, a different cat-attracting 

plant was offered to learn if the scent from this stimulus 

would result in the reappearance of the response. �is 

dishabituation would suggest the presence of other active 

compounds or higher levels of similar compounds in the 

newly offered stimulus. After habituation of the cats to 

either L. tatarica, A. polygama, or N. cataria, no disha-

bituation was seen when the cats were offered different 

cat-attracting plant material (Fig. 10). �e only exception 

was cat O, who showed a longer response to L. tatarica 

than his first and longest response to A. polygama and 

N. cataria (Fig.  10A+D), underscoring the idiosyncrasy 

between cats. Furthermore, these results suggest that 

L. tatarica may contain compounds not present, or at 

significantly lower amounts, in catnip and silver vine. 

Another interesting finding was the observation that 

offering N. cataria to the cats who were habituated to A. 

polygama and L. tatarica did not significantly increase 

response duration. �is might suggest that nepetalactone 

binds to (some of ) the same olfactory receptor(s) as some 

of the active compounds present in A. polygama and L. 

tatarica. �ese findings also indicate that offering cat-

attracting plants on a non-continual basis or alternating 

between the various cat-attracting plants could prevent 

or reduce habituation in cats.

Cat-attracting compounds in A. polygama are 

not exclusively produced in response to the parasitic 

attack of the gall midge P. matatabi

Both normal A. polygama fruit and fruit galls used in our 

previous study [1] were collected from vines growing in 

Fig. 10 Habituation and dishabituation to cat-attracting plants. The response duration of 4–5 domestic cats to three different cat-attracting plants 

is shown for 10 consecutive days. With habituation a gradual decrease in response duration over time is seen. Dishabituation is the reappearance 

or increased duration of a response to a different stimulus that is offered to the cats after habituation has occurred (day 11 or 12, or both) and its 

duration is similar or higher to what was seen on day 1. Results for A. polygama (A and B) are shown in red, for L. tatarica (C) in orange, and for N. 

cataria (D) in green. See Additional file: Figure S2B for more details. The differences between day 1 and 10 for A. polygama and L. tatarica were 

statistically significant (Friedman test). P values shown in the figure are from Dunn’s post hoc test. * P < 0.05; ** P < 0.01
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East Asia. In this natural habitat of the plant, gall midge 

Pseudasphondylia matatabi females can lay their eggs in 

the plant’s flower buds. As a result of this parasitic inva-

sion, fruit galls develop. It seems that the presence of P. 

matatabi larvae in the developing kiwi fruit is critical for 

the synthesis of compounds that serendipitously attract 

cats, since we have previously shown that domestic cats 

respond to dried A. polygama fruit galls, but not to dried 

normal fruit [1]. Indeed, we were able to detect P. matat-

abi DNA in dried fruit galls that we used in our preced-

ing study (Fig.  11A). Sequencings results confirmed, 

unequivocally, that P. matatabi DNA was present in the 

A. polygama fruit galls (100% percent identity and query 

coverage; Additional file 4).

We wondered if the gall midge induces the synthesis 

of these compounds only locally (fruit) or systemically 

(stem, leaves, fruit). It is known that some domestic cats 

do respond to dried A. polygama stem [1]. However, 

we do not know if these tissues were obtained from sil-

ver vine plants in East Asia that were bearing fruit galls 

at the time of harvest. Since A. polygama is dioecious 

and P. matatabi females deposit their eggs in the flower 

buds, not the fruit, one could argue that in response to 

oviposition in a male flower bud the plant might also 

systemically induce synthesis of cat-attracting com-

pounds. However, P. matatabi oviposition in male flower 

buds or male flower bud galls have never been observed 

(Dr. Junichi Yukawa, Kyushu University, Fukuoka, Japan, 

personal communication, June 2021). To test whether the 

presence of the gall midge is required for the synthesis 

of the cat-attracting compounds, we grew A. polygama 

locally (Mico, Texas, USA), where P. matatabi does not 

occur. �e cats were offered dried leaves from the female 

Hot Pepper variety and the male Pavel variety, each for 

almost a full day. Seeing cats respond to leaves from male 

plants, even when grown in their natural habitat and 

hence in the presence of P. matatabi, would suggest that 

the gall midge is not required for the production of these 

compounds. All five cats responded to the locally grown 

A. polygama leaves, both from the male and female plant 

(Fig.  11B). Although the data are limited, they strongly 

suggest the leaves were at least as popular among the 

domestic cats as the dried gall material from East Asia. 

�e shorter response to the leaves from the Pavel vari-

ety may be explained by harvesting later or the longer 

drying time of the leaves. Harvest time for those leaves 

was later in the fall when the leaves would soon be shed 

by the plant. Testing these already collected leaves was 

Fig. 11 Response of domestic cats to Texas-grown A. polygama. A Detection of P. matatabi DNA in dried A. polygama fruit galls from East Asia. 

Species-specific primers were used to amplify a 330-bp fragment of the mitochondrial cytochrome oxidase subunit 1 gene. Sanger sequencing 

and nucleotide BLAST confirmed the DNA was from the gall midge P. matatabi. B Response time, shown in seconds per hour availability, of 5 cats 

to Texas-grown silver vine plant material. The cats were offered dried leaves from a female and male silver vine variety ("Pavel" and "Hot Pepper", 

respectively), as well as dried, lignified stem. The response time to dried, powdered A. polygama fruit galls originating from East Asia is shown in 

dark red. "Pavel" and "Hot Pepper" leaves were available to the cats for 15 and 16 h, respectively. Stem was available 2 × 15 h. Powdered silver vine 

galls were available for 100 h total (10 days, 10 h per day). C Observed behavior of cat Z in response to Texas-grown A. polygama stem (brown dot 

in panel B). Bars show either behavior expressed as the percentage of the total response time (left Y axis) or the number of events per minute 

response time (right Y axis; “head shaking”, “rippling of back”, and “rolling on side”). Cat Z responded 4 times to the locally grown silver vine stem, 

with a total response time of 74 s. Only observed behavior is shown. HP, A. polygama Hot Pepper variety; P, A. polygama Pavel variety; TX, Texas
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postponed because we wanted cat A, who had recently 

received radioactive iodine treatment for hyperthyroid-

ism, to also participate. Stem from the female silver vine 

Hot Pepper variety was made available to the cats on two 

different days. In agreement with our previous findings 

[1], only a small percentage (20%) of the cats responded 

to the silver vine stem. Cat Z responded 4 times: 26, 8, 

18, and 22 s, with a total response time of 74 s, and analy-

sis of her behavior showed that the response was simi-

lar to the behavior observed when exposed to the other 

cat-attracting plants: mostly head rubbing in a sitting 

position with her back rippling and an occasional head 

shake (Fig. 11C). No responses were seen to the control 

stem (lignified Juniperus ashei). Interestingly, while cat Z 

responded for a total time of 4 min and 15 s to the dried 

leaves of the Hot Pepper variety, she did not touch the 

sock containing the leaves for approximately half of that 

time. No other responses where there was no contact 

with the test object by cat Z or any other cat to any plant 

material were seen. Instead of contact with the object, 

she rubbed her head on the floor, rolled on her side, and 

her back rippled, all in close proximity (approximately 

20 cm) to the olfactory object. �is observed behavior 

in response to the dried silver vine leaves was character-

istic for her and highly similar to her responses to other 

plants. �is cat never demonstrated this behavior in 

response to any of the controls, which were available for 

hundreds of hours, and her most recent response prior 

to these responses was 3.5 weeks earlier. �erefore, we 

concluded this response was specific to the A. polygama 

leaves.

We previously concluded that domestic cats do not 

respond to A. polygama leaves grown in the USA [1]. 

However, subsequent DNA barcoding (matK) revealed 

that the leaves previously used for testing were from 

the closely related species Actinidia arguta instead of 

Actinidia polygama. �ese A. arguta leaves were only 

used for one small experiment in our previous study, 

and this finding does not change any of the main or 

other conclusions of the published work. DNA barcod-

ing (matK, rbcL, and psbA–trnH) results strongly sug-

gest we have used A. polygama for all experiments in 

this study, although we could not rule out the closely 

related A. valvata. Since the use of Tatarian honey-

suckle wood as olfactory enrichment for cats is still 

uncommon and, as far as we know, is only available 

from one source (�e Cat House in Calgary, Alberta, 

Canada), we also used DNA barcoding (matK, rbcL and 

psbA – trnH) to confirm that what we used in this study 

was indeed Lonicera tatarica. All sequences can be 

found in Additional file 4.

In conclusion, these findings show that while the 

gall midge P. matatabi seems to induce a change in the 

plant’s volatile pattern in the kiwi fruit gall, oviposi-

tion in the flower buds does not seem to be required 

to develop the cat-attracting characteristics of the stem 

and leaf tissues in either male or female silver vine 

plants.

Active compounds in plants can be extracted using 

ethanol

We created N. cataria, L. tatarica, and V. officinalis 

tinctures to determine whether this easy extraction 

method would result in a product that could attract and 

stimulate domestic cats. A liquid (ethanol) form would 

offer several possible advantages over the plant form 

since it can be applied to any object. A. indica and A. 

polygama tinctures were not created because of limited 

availability of plant material. We were also curious to 

see if we could extract any active compounds of dried 

V. officinalis root with absolute ethanol, and possibly 

avoid co-extracting any compounds that may have had 

an inhibitory effect on cat Z. She was the only cat who 

did not respond to V. officinalis, despite the plant being 

Fig. 12 Response time of domestic cats to tinctures made from 

cat-attracting plants. Box and whisker plot showing the median 

response time of 5 cats (horizontal line) and median response time 

of each cat (dots). The response time is shown as time per hours 

availability of the tinctures. Each tincture was available for 5 h. Ethanol 

was used as a negative control. The response duration of cat Z to the 

V. officinalis tincture is shown as a brown dot (18 s/h availability). This 

cat did not respond at all to 15 g dried valerian root that was available 

for 10 days, 10 h per day
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available for 10 days, 10 h a day. We hypothesized that 

cat Z did not respond because dried V. officinalis roots 

have, at least to most humans, a strong, unpleasant or 

repulsive smell.

We applied two sprays of the tincture and two sprays 

of ethanol only (negative control) on a piece of fabric 

which were subsequently made available to five cats for 

a total of 5 h in the afternoon / evening. We observed 

positive responses of two to four cats to each tincture 

(Fig. 12), and the responses to them matched the “cat-

nip response” behavior that was characteristic for each 

cat. Interestingly, despite the characteristic valerian 

root smell still being present, cat Z did respond to the 

V. officinalis root tincture, and this single response of 

nearly one and a half minutes was longer than 90% of 

all her responses to the plants tested. Furthermore, 

while cat Z also responded to the catnip and Tatarian 

honeysuckle tinctures, her response to the vale-

rian root tincture was the longest. Although we only 

applied two sprays of each tincture, we still observed 

responses of all 5 cats 3.5 h after application (cats A 

and N to the V. officinalis tincture, cats O, V, and Z 

to the L. tatarica tincture, and cat Z to the N. cataria 

tincture).

�e results from this experiment suggest that at least 

some of the active compounds found in the cat-attract-

ing plants can be effectively extracted simply by soaking 

the plant materials in absolute ethanol. Although cat Z 

did not respond to dried valerian root, she did respond 

to the tincture, suggesting compounds responsible for 

inhibiting her attraction were not coextracted with the 

active compounds. However, it is also possible that she 

preferred different amounts or ratios of the compounds 

in the tincture.

Domestic cats respond to all iridoids, 

including dihydroactinidiolide, but response to actinidine 

is rare

We have previously shown that cats respond to 

cat-attracting plants known to contain little to no 

nepetalactone [1]. While we detected iridomyrmecin, iso-

dihydronepetalactone, and actinidine in these plants, we 

did not confirm whether these compounds are responsi-

ble for the cat-attracting properties of these plants. �e 

Fig. 13 Structures of the single compounds used for bioassays with domestic cats. Two dimensional structures are shown on the left, 3D structures 

are shown on the right. Oxygen atoms are shown in red, nitrogen in blue. Nepetalactone (1) and epinepetalactone (2) are also referred to as 

cis-trans-nepetalactone and trans-cis-nepetalactone, respectively. Note how the location of the carbonyl group is different between the type I 

lactones 7–8 and the type II lactones 1–6
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main goal of this experiment was to determine to which 

compounds identified in cat-attracting plants domestic 

cats would respond. Furthermore, we were interested to 

see if the differences in response between various cats to 

the individual cat-attracting plants (e.g., cat O respond-

ing significantly longer to L. tatarica than cat Z) and the 

differences in response of individual cats to the various 

plants (e.g., cat O responding significantly longer to L. 

tatarica than to V. officinalis) could be explained by dif-

ferent responses to the single compounds.

In these bioassays, performed with the same cats who 

also tested the plant materials, we tested not only the 

lactones nepetalactone (1), epinepetalactone (2), isodihy-

dronepetalactone (4), iridomyrmecin (7) and actinidine 

(9), but extended the repertoire by adding the lactones 

dihydronepetalactone (3), neonepetalactone (5), isoneo-

nepetalactone (6), isoiridomyrmecin (8), the pyridine 

actinidine (9), the furanone dihydroactinidiolide (10), and 

indole (11) (Fig. 13, Table 4). �is selection (compounds 

1–10) was based on previous reports in the literature and 

summarized in the review by Arthur and Sharon Tucker 

[26]. We attempted to obtain or synthesize several other 

compounds mentioned in the work of Tucker and Tucker, 

such as boschniakine, but they were either not commer-

cially available or unstable. In our hands, boschniakine 

was found to be particularly unstable when prepared 

through chemical synthesis. One hypothesis as to why 

cats respond to these molecules is that they resemble 

cat pheromones found in cat urine, feces, and glandu-

lar secretions. We identified indole as the only known 

compound in feline excretions that showed structural 

resemblance to the known cat-attracting compounds 

[27–29] and therefore we also tested this compound as a 

cat-attractant. �irty-three, 100, 300, and 900 μg of each 

compound were made available to the cats on two differ-

ent days, for a total of at least 17 h per compound.

We found that all of the plant-derived compounds 

(1–10) elicited a positive response in domestic cats, 

but not the negative control (evaporated diethyl ether) 

nor indole (Fig.  14A, Additional file  1: Figure S7). All 

responses could be classified as “catnip responses”. �ere 

was no statistically significant difference in median 

response duration of the 5 cats between the active com-

pounds (P > 0.05, Friedman test). �e response time 

among cats to actinidine had a larger range and more 

uneven distribution than any of the other compounds 

(Fig.  14A). �ree out of the 5 cats showed no or little 

interest in this compound. �erefore, we tested actini-

dine on three additional days. All actinidine data shown 

is from 5 days of testing, between January and May 2019, 

totaling 53 h of exposure (Additional file 1: Figure S7). We 

also made fabric with a higher amount of actinidine (2700 

μg) available for 4 h to compensate for potential varia-

tion between the cats in their detection threshold for this 

Table 4 An overview of the single compounds used in this study

a  The di�erence between type I and II lactones is the position of the carbonyl group [30]

b  Linear retention index relative to n-alkanes on a DB-5ms column

c  The same letters in the second column of this table indicates these compounds are diastereoisomers: stereoisomers with one or more di�ering stereocenters 

resulting in di�erent molecules that are not mirror images and not superimposable

d  These compounds were only prepared in small amounts and used as standards in the GC-MS analysis, but were not used in bioassays with cats

e  Liquid at room temperature

# Compound Classa Retention  indexb Source

1 Ac Nepetalactone (cis-trans-nepetalactone) Type II lactone 1383 Synthesized

2 A Epinepetalactone (trans-cis-nepetalactone) Type II lactone 1416 Synthesized

3 B Dihydronepetalactone Type II lactone 1490 Synthesized

4 B Isodihydronepetalactone Type II lactone 1446 Synthesized

B trans-dihydronepetalactoned Type II lactone 1505 Synthesized

B trans-isodihydronepetalactoned Type II lactone 1470 Synthesized

5 C Neonepetalactone Type II lactone 1517 Synthesized

6 C Isoneonepetalactone Type II lactone 1511 Synthesized

7 D Iridomyrmecin Type I lactone 1466 Synthesized

8 D Isoiridomyrmecin Type I lactone 1478 Synthesized

9 Actinidine Pyridine 1348 Synthesized

10 Dihydroactinidiolide Furanone 1562 AK Scientific

11 Indole AK Scientific

12 Menthol GreenHealth

13 Methyl  salicylatee TCI Chemicals
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single compound. �e three cats who did not respond to 

actinidine were cats O, N, and V. Interestingly, these cats 

had the longest response time to the type I and type II 

lactones (Fig. 14B). While most cats did not respond to 

actinidine, cat A responded longer to actinidine than to 

any of the other compounds that were tested (Fig. 14B). 

�e response duration of cat A to actinidine was almost 

6 times longer than her response to the lactones. �ese 

data did not provide information on how common the 

response to actinidine is among domestic cats, espe-

cially since the three non-responders are suspected to 

be genetically related. However, recently published sup-

plementary data by Reiko Uenoyama and her colleagues 

that was not analyzed or discussed in their article [20] 

strongly suggest that a response to actinidine is less com-

mon given only one of 12 cats in their study responded 

to actinidine (Fig.  14C). Furthermore, all 11 other cats 

who did not respond to actinidine responded to most 

(approximately 5 out of 6) of the lactones that were also 

tested (Fig. 14C). �ese results from the study of Uenoy-

ama et al. reinforce our findings. Uenoyama et al. tested 

50 μg of the single compounds. Since we observed more 

Fig. 14 Response time of domestic cats to single compounds. A Response time, shown as seconds per hour each compound was available, per 

compound. Note the large range and uneven distribution of the data for actinidine. Each compound was available for at least 2 days; 5 h on the 

first day and 12 h on the subsequent test day. Negative controls (fabric with evaporated diethyl ether) were always tested alongside the single 

compounds. B Response time to single compounds, grouped by their chemical structure, shown per cat. Type I and II lactones were available for 

34 and 120.5 h, respectively. Actinidine was tested for 53 h on 5 days and dihydroactinidiolide was available for the cats for a total of 17 h (2 days). 

C Duration of head rubbing and rolling of 12 domestic cats in response to iridoids. The data plotted here was obtained from the supplementary 

online material recently published by Uenoyama et al. [20]. The authors did not analyze or discuss these data in their article. The name of the only 

cat responding to actinidine in the study of Uenoyama et al. coincidentally is also cat A and is not the same cat as cat A in our study. To avoid 

confusion, we renamed this cat UA
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than half of the total response time of cat A to actini-

dine when we used 33 and 100 μg, it is unlikely that the 

absence of a response of those 11 cats would be due to 

the amount of actinidine used in their experiments.

�e longer response time of cat A to actinidine com-

pared to the lactones could be explained by both an 

increased response frequency and duration of the indi-

vidual responses. Cat A responded to actinidine once 

every 1.75 h, compared to roughly once every 6 h for 

the lactones, which is almost 3.5× more frequent. �e 

median response duration to actinidine of cat A was sta-

tistically significantly longer than to the lactones (42 and 

18 s, respectively; Additional file 1: Figure S8).

For the analyses described above, data were pooled 

from tests with various quantities of the single com-

pounds (33, 100, 300, 900, and for actinidine even 2700 

μg) performed on different times of the day (morning, 

afternoon, evening). We used data from the compounds 

for which we observed at least 10 responses of an indi-

vidual cat to look for possible correlation between quan-

tity of the compound and response duration/frequency. 

Cat A responded 30 times to actinidine (9), and cat O 

responded 14, 10, and 10 times to compounds (2), (3), 

and (4), respectively. �e data show absence of a dose-

response relationship at quantities ranging from 33 to 

2700 μg (Additional file  1: Figure S9A-B). Furthermore, 

we found that the distribution of responses matched the 

distribution of the hours the olfactory test objects were 

available to the cats through the day (Additional file  1: 

Figure S9C). �is result indicates the cats were not less 

active in the afternoon, which may have resulted in fewer 

responses during this part of the day. Taken together, 

these data suggest that pooling data (different quantities 

and tests performed at different times of the day) did not 

affect the results and conclusions.

When we compared the cats’ response duration to 

the plants with the response duration to the single com-

pounds, we found a very strong positive correlation 

(Fig.  15). �e response duration to the cat-attracting 

plants was approximately 33% longer than to the single 

compounds. �is might be explained by higher quanti-

ties of compounds in the plants, the presence of multiple 

compounds, slower and more sustained release of com-

pounds, larger volume of the test object, or a combina-

tion of these.

The degree of attraction to the single compounds di�ers 

between cats

Similar to what we observed for the plants (Fig.  4B), 

we found that the time to first response to the single 

compounds was significantly different between cats 

(Fig. 16). When we looked at the data for each cat sepa-

rately, we also found significant differences in time to 

first response between the different classes of single 

compounds (lactones, actinidine, dihydroactinidiolide). 

As expected, cat A was significantly more attracted to 

actinidine than to the lactones or dihydroactinidiolide, 

whereas the opposite was seen for cat V. �e time to 

first response to actinidine of Cats N and O was also 

longer compared to the lactones, but the difference 

was not statistically significant because of an outlier. 

�e responses of cats N (n=1) and O (n=2) to actini-

dine lasted only a few seconds and might be considered 

“false positives” (see below).

�ese findings support the previous observation that 

there is variation between cats in how attracted they 

are to certain cat-attracting scents. �ese data also 

strengthen the hypothesis that actinidine is distinct, not 

only in structure, but also in the effect it elicits in domes-

tic cats. �e near immediate (seconds after it was made 

available) “response” from cat O to actinidine supports 

the hypothesis that the time to first response is at least 

in part determined by the cat’s personality (i.e., curiosity, 

fear of missing out).

Fig. 15 Correlation between response duration to cat-attracting 

plants and single compounds. For each cat the median of the 5 

response times to the 5 cat-attracting plants (X axis) and the median 

of the 10 response times to 10 single compounds (1–10) (Y axis) are 

shown
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Behavioral response to actinidine is di�erent 

from responses to lactones and cat-attracting plants

Next, we analyzed the behavior of cat A using BORIS 

software to determine if there was a difference in her 

behavior when exposed to plants, lactones, and actini-

dine. Since the responses of cat A to the various plants 

(n=5) were highly similar (Fig.  8, cat A), we only used 

the N. cataria data for the comparison to the single com-

pounds. For the plants, five responses nearest to 1 min 

were analyzed. To keep the median response time simi-

lar, we only analyzed responses of cat A to the lactones 

and actinidine with a duration between 30 and 90 s (n=9 

and n=16, respectively). Interestingly, cat A spent signifi-

cantly more time licking the object with actinidine and 

less time head rubbing, when compared to the responses 

to the lactones or N. cataria (Figs. 17 and 18). �e same 

statistically significant differences were seen when all 

responses to actinidine and the lactones longer than 30 

Fig. 16 Time to first response of 5 domestic cats to single cat-attracting compounds. The time to first response was determined for every cat, 

for every day that a single compound (1–10) was tested (n=24). When a cat did not respond to a compound on a test day, the time the stimulus 

was available that day was used as time to first response. Since the compounds were available for different durations, typically 5 and 12 h, the 

time to first response was expressed as a percentage of the time the compound was available, with 0% being an immediate response and 100% 

no response at all that day. For each compound (10 per cat), the median percentage is shown. The second test day of neonepetalactone was not 

included because the recording stopped about 40 min after the start of the experiment. The differences in time to first response between the 5 cats 

was statistically significant (P < 0.05, Friedman test). In addition, the differences in time to first response between actinidine and other compounds 

for cat A, as well as the difference between the lactones and actinidine for cat V were statistically significant (Kruskal-Wallis test). P values shown in 

the figure are from Dunn’s post hoc test. * P < 0.05; ** P < 0.01
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Fig. 17 Differences in behavior of cat A between responses to actinidine, lactones, and N. cataria. Nine responses to the lactones and 16 responses 

to actinidine with a response duration 30–90 s were analyzed using BORIS behavioral analysis software. Results were compared to the behavior 

seen in response to catnip (Fig. 8, cat A). The Kruskal-Wallis test was used to test for differences. P values shown are from Dunn’s post hoc test. * P < 

0.05; ** P < 0.01

Fig. 18 Heatmaps showing similarities and differences in body position and behaviors of 4 cats in response to cat-attracting plants and single 

compounds. Not all cats responded to all classes of single compounds and therefore comparisons differ between cats. Responses to actinidine and 

dihydroactinidiolide of cat O and to dihydroactinidiolide of cat Z are shown but were not included in the statistical analysis because the number of 

responses was two or less. Unless otherwise indicated, numbers represent the median. The Kruskal-Wallis test followed by Dunn’s post hoc test or 

the Mann-Whitney test was done to test for statistically significant differences. #, frequency; s, seconds; ns, not statistically significantly different; * P 

< 0.05, ** P < 0.01, *** P < 0.001
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s were analyzed (n=11 and n=24, respectively), captur-

ing 95% and 83% of the total response duration to these 

compounds, respectively. �e percentage head rubbing 

was lower for actinidine as the result of more time spent 

licking. Other than a difference in the frequency of head 

shaking, no differences were seen in any of the other 

behaviors.

It seems that the observed licking of cat A is a true fea-

ture of her response to actinidine and not the result of 

longer response durations that we have seen for actini-

dine compared to the lactones (Additional file  1: Figure 

S8). Indeed, we found no correlation between the per-

centage of response time licking and response duration 

(Additional file 1: Figure S10A). Although licking was the 

dominant behavior observed for the two responses to the 

fabric with the highest amount of actinidine (2700 μg), 

the correlation between the amount of actinidine and 

the percentage of response time spent licking was weak 

(Additional file 1: Figure S10B).

Cat Z also responded to actinidine, but the responses 

were much less frequent and shorter in duration com-

pared to cat A. �ree short responses (10–20 s) and one 

response of almost 1 min were observed. While active 

engagement (contact) with the object was a require-

ment for any feline activity to be considered a response, 

about 90% of the time that cat Z responded to actinidine 

she did not touch the object. �is lack of contact during 

the response was also seen for freshly harvested, locally 

grown A. polygama leaves, plant material known to con-

tain relatively large amounts of actinidine [1]. However, 

the response occurred in close proximity to the test 

object and her behavior was characteristic of what was 

seen with the other plants and compounds: head rubbing 

(the floor near the object) in a sitting position, rippling 

and twitching of her back, and occasionally rolling on her 

side. Only cat Z demonstrated responses without touch-

ing the olfactory object. Since cat Z did not respond to 

any of the negative controls that were available for hun-

dreds of hours, and given her most recent response to 

any olfactory stimulus prior to actinidine was 3 months 

earlier, we believe this response was specific.

�e median response duration to the lactones (n=10) 

and actinidine (n=4) of cat Z was 26 and 15 s, respec-

tively. �erefore, we included her two shorter responses 

to N. cataria in the qualitative and statistical analysis. As 

a result, we compared all her responses to catnip (n=7), 

all responses to actinidine, and all responses < 60 s to the 

lactones. We also observed some differences between 

her responses to catnip, the lactones, and actinidine. 

It appeared that the response of cat Z to actinidine was 

more dynamic. Cat Z rolled on her side more frequently 

in response to actinidine than in response to N. cataria 

or the lactones (Fig. 18 and Additional file 1: Figure S11). 

Rippling of the back was seen less in response to the lac-

tones as compared to catnip and actinidine, and for this 

reason, the contribution of head rubbing to the total 

response duration of the response increased. Head shak-

ing was also seen less frequently during responses to the 

lactones compared to catnip. When the 12 responses 

of cat Z to the other plants (A. indica, A. polygama and 

L. tatarica) (Fig.  8, cat Z) were included in the statisti-

cal analysis, the results remained unaffected, except that 

the difference in the frequency of rippling of the back 

between actinidine and the lactones also became statisti-

cally significant (P < 0.05; data not shown).

�e response of cat O to actinidine was uncharacter-

istic for him and did not resemble the “catnip response”. 

Both of his extremely short responses to actinidine (each 

about 10 s) lacked rubbing of the object, which was seen 

in all his responses to the plants and lactones (Fig.  18). 

While the behavior of cat O to type I and II lactones 

(this discrimination is made based on the position of the 

carbonyl group; see Table 4 and Fig. 13) was near iden-

tical, less holding and raking of the object was seen for 

the lactones compared to the 15 grams of plant material 

(Fig. 18), possibly due to lack of volume of the object.

Collectively, these data suggest that while the responses 

to the single compounds are in general similar to the 

behavior seen in response to the cat-attracting plants, 

there appear to be biologically significant differences 

between actinidine and the lactones.

Behavioral response to dihydroactinidiolide is similar 

to behavior in response to lactones

Another molecule that is structurally different from type 

I and II lactones (as well as actinidine) is dihydroacti-

nidiolide (Fig.  13), which contains a furanone ring (5 

membered lactone) compared to pyranone rings (6 

membered lactone). Interestingly, unlike the compounds 

1–9 tested in this study that have only been detected in 

plants or insects, dihydroactinidiolide has additionally 

been detected in glandular secretions and urine of the 

red fox [31–33]. None of the other iridoids tested here 

are produced or secreted by a mammal to our knowl-

edge. We wanted to determine if the behavior of cats 

triggered by this compound was similar to the behav-

ior seen in response to the cat-attracting plants and the 

other single compounds. Four out of 5 cats responded to 

this compound; however, the number and duration of the 

responses were low (13 responses in total for all 4 cats 

with a median response duration of 20 s) (Fig. 14A). Of 

the cats exposed to dihydroactinidiolide, cat V responded 

most frequently (n=5) and therefore the behavior she 

demonstrated during those 5 interactions was analyzed 

using BORIS to compare to her behavior to nepetalac-

tone and N. cataria. �e behavior seen in response to N. 
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cataria and nepetalactone—sitting and head rubbing the 

object, holding the object while on her side, raking, and 

biting it, rolling on her side, and shaking her head—was 

also observed for dihydroactinidiolide (Figs. 18 and 19). 

Head rubbing was again the dominant behavior, making 

up about 85% of the response time. �ere were no sig-

nificant differences in behavior between catnip, nepeta-

lactone, and dihydroactinidiolide.

Cats N and O both responded only twice to dihydroac-

tinidiolide and therefore we did not perform statistical 

analysis to test for differences. Responses of cat N to 

the plants were typically in a sternal or lateral position 

and included mostly head rubbing (60–80% of response 

duration), sometimes while holding the object. She also 

rolled on her side or back, about 2–3 times per minute 

of response duration and rippling of the back was also 

seen, about 3 times per minute. When we compared this 

with her behavior in response to dihydroactinidiolide, 

we noticed that head rubbing was still the most domi-

nant behavior (about 80% of the response time) with rip-

pling of the back making up the majority of the balance 

(about 2 times per minute). However, no holding of the 

object and no rolling on the side, and hence no response 

in a lateral position, were observed (data not shown; 

Additional file 5).

�e two responses of cat O to dihydroactinidiolide 

were short (10 and 20 s), but resembled his responses to 

the plants: head rubbing, biting, holding the object, and 

raking were all seen, while in lateral position (Fig. 18).

�e behavior of cat Z in response to dihydroactin-

idiolide matched her typical behavior when exposed to 

plants and single compounds. She responded in a sitting 

position, head rubbing the object while her back rippled. 

Since we observed only a single response from her, we 

could not test for statistical differences between dihy-

droactinidiolide or other cat-attracting plants or com-

pounds. However, the behavior of her 66-s response was 

near identical to the behavior seen during her responses 

to the lactones (Fig. 18).

While the number of observations was limited and the 

duration of the responses was often short, we believe 

these data show that the behavioral response to the struc-

turally distinct dihydroactinidiolide is highly comparable 

to the behavior seen in response to the other single com-

pounds and the cat-attracting plants.

Stability of the single compounds

We chose diethyl ether as solvent because of its inert 

nature and volatility, meaning it would evaporate quickly 

and leave only pure compounds behind. �e compounds 

were tested immediately after they were dissolved in 

diethyl ether because information about their stability 

is lacking. Some of the epinepetalactone, neonepetalac-

tone, isoneonepetalactone, and actinidine dissolved in 

Fig. 19 Comparison of behavior between responses to N. cataria, nepetalactone, and dihydroactinidiolide. Results from behavioral analysis in 

BORIS of responses of cat V to N. cataria (n=9), nepetalactone (n=4), and dihydroactinidiolide (n=5) are shown. Some of the responses were short 

and this may have contributed to some outliers. Head shaking and rolling on the side are plotted on the right Y axis. There were no significant 

differences in behavior between catnip, nepetalactone, and dihydroactinidiolide (Kruskal-Wallis and Dunn’s post hoc test)
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diethyl ether was stored between experiments for a vari-

ety of reasons, as explained in detail in the “Methods” 

section. �e results obtained with these compounds gave 

us some insight into the stability of these compounds in 

diethyl ether under various conditions. When comparing 

the results between compounds that were used immedi-

ately after dissolving in diethyl ether and those that were 

stored after dissolving, we did not find any clear evidence 

of reduced activity, suggesting they were stable. When 

epinepetalactone  was tested on two additional days, 

after being stored at room temperature for 1.5 months, 

both the response frequency and total response time for 

all cats combined was higher on these days (C and D) 

(18 responses, 17.6 min) compared to days A and B (9 

responses, 10.5 min). We also did not observe reduced 

response duration to neonepetalactone on day B after the 

dissolved compound had been stored at 4 °C for 4 days. 

Seventy-five percent of the responses to neonepetalac-

tone occurred on day B, whereas this was 50–85% for the 

other lactones. While dissolved actinidine was stored for 

2 weeks at various temperatures ranging from freezing to 

room temperature, we still observed minutes of response 

to this compound, albeit only during the first 4 h of a 

15-h testing day (Additional file 1: Figure S7, actinidine, 

day C). �e absence of responses in the afternoon and 

evening were in contrast with what was observed on days 

when actinidine was used immediately after dissolving in 

diethyl ether (days B and E). Any possible degradation of 

actinidine would not affect the conclusions drawn in this 

manuscript since this only would underestimate the true 

response of cat A.

Any cat-attracting property of (pepper) mint is not caused 

by structural resemblance of the active compound(s) 

to molecules like nepetalactone

In addition to Nepeta cataria, there are several other 

plants from the genus Nepeta that contain cat-attracting 

type I and II lactones [34–37], of which Nepeta mussinii 

or catmint is arguably the best known. Although all these 

plants are members of the Lamiaceae family, commonly 

referred to as the mint family, plants in the Nepeta genus 

are not closely related to plants in the Mentha genus, 

such as peppermint. �ere are numerous anecdotes of 

cats being attracted to peppermint (Mentha piperita) 

and topical analgesics such as Bengay, IcyHot, and Vicks 

VapoRub (which should all be kept away from cats). Inter-

estingly, L. tatarica (Tatarian honeysuckle) wood has 

a minty smell. �erefore, we studied how domestic cats 

respond to the odiferous molecules menthol and methyl 

salicylate that are responsible for the characteristic mint 

fragrance. Fabrics containing 33, 100, 300, and 900 μg 

menthol or methyl salicylate were tested separately, and 

each was available on two different days for a total of 17 h 

(5 h on the first day, 12 h on the second day). None of the 

cats responded to either of the two compounds.

Fragrances

Anecdotal evidence from the past decade suggests that 

big cats (cheetahs and cats of the Panthera genus: lion, 

tiger, leopard, snow leopard, and jaguar) respond to cer-

tain fragrances (e.g., perfume, eau de toilette), Calvin 

Klein’s Obsession for Men in particular, in similar fashion 

to catnip (Banham Zoo, Norfolk, England: Time 2020, 

BBC 2020 and �e Washington Post 2020; Taronga Zoo, 

Sidney, Australia: Scientific American 2014; Brookfield 

Zoo, Chicago, IL: CBS 2010; Bronx Zoo, New York, NY: 

Wall Street Journal 2010 and National Geographic 2010). 

Patrick �omas and his colleagues published the results 

of a scent study in the Bronx Zoo where the responses of 

two adult cheetahs to 24 different fragrances were stud-

ied [38]. �e researchers applied three sprays of each fra-

grance to an object in their 1000  m2 outdoor naturalistic 

enclosure on three different days and reported the mean 

latency to inspect the scent, the mean number of visits to 

the scent, the mean contact time to the scent and if head 

rubbing was observed. All but one of the 24 fragrances 

were investigated by at least one of the two cheetahs, 

demonstrating how scents can be used for environmen-

tal enrichment. However, head rubbing was only seen 

in response to seven fragrances, and the median contact 

time to these was significantly higher than the contact 

time to the other fragrances.

We were interested to see if the response of domestic 

cats to fragrances is similar to the response of big cats. 

Furthermore, since many fragrances contain essential 

oils obtained from plants, we wondered if the presence of 

compounds such as nepetalactone, iridomyrmecin, acti-

nidine, or dihydroactinidiolide in the fragrances could 

be responsible for the observed behavior of the cats. It is 

known that lions, jaguars, leopards, snow leopards, and 

bobcats respond to plant material containing these com-

pounds (N. cataria or catnip and A. polygama or silver 

vine) [1, 2]. If these compounds are present in perfumes, 

colognes, or eau de toilettes, then we would expect 

domestic cats who respond to plant materials containing 

these stimulants to also be attracted to these fragrances. 

To test this hypothesis, we selected the four most popular 

fragrances (head rubbing by both cheetahs and longest 

average contact time: 668, 662, 207, and 185 s) of the 24 

used in the study by �omas and colleagues. We applied 

them to a polyester fabric and made the fragrances avail-

able to domestic cats A, N, O, V, and Z who all responded 

to most or all of the tested plants and single compounds. 

�e fabrics were sprayed twice (approximately 200 μL) 

with either Obsession for Men, L’Air Du Temps, Paco 

Rabanne Pour Homme, Drakkar Noir, or ethanol as a 
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negative control (Tables 5 and 6). �e fabrics were then 

made available to the cats for 15 h, from 7:00 till 22:00 

upon which all cats investigated the fabrics several times. 

Cat A responded to the Drakkar Noir for a duration of 

3 min and 50 s (Fig.  20A) and this response resembled 

the behavior seen in her responses to the cat-attracting 

plants and single compounds: head rubbing and licking 

of the fabric with the fragrance while in a sitting posi-

tion, shaking of the head, and occasional twitching of 

the back (Fig.  20B). None of the other cats responded 

to any of the other three fragrances tested, including 

the popular (among big cats) Calvin Klein’s Obsession 

for Men. �erefore, we tested Obsession for Men a sec-

ond time, 1 week later, again for 15 h, and used a bot-

tle obtained from a different source. Drakkar Noir was 

also made available for a second time. Again, only cat A 

responded to Drakkar Noir, this time for 3 min and 40 s 

(Fig. 20A), while none of the cats responded to the fabric 

with Obsession for Men. In both cases, the response of 

cat A to Drakkar Noir occurred approximately 14 h after 

the fabric was made available. After this amount of time 

in a well ventilated, open area, it is expected that only 

larger, less volatile molecules will remain on the fabric, 

such as nepetalactone, iridomyrmecin, actinidine, and 

dihydroactinidiolide that are found in the essential oils 

of cat-attracting plants. In addition to base notes (larger, 

less volatile molecules), fragrances have what is referred 

to in the fragrance industry as top and middle (heart) 

notes consisting of molecules that can be detected more 

quickly. Some of these smaller, more volatile compounds 

may interfere with the detection or perception of other, 

potentially cat-attracting molecules. To increase the 

exposure time to the larger single compounds only, fab-

rics sprayed about 10 times were left to stand overnight 

at room temperature (at a location where the cats could 

not smell them) before making them available to the 

cats. While cat O briefly (a few seconds) interacted with 

the fabric sprayed with Obsession for Men, his behavior 

was contrary to his responses to the plants and single 

compounds (sitting, no head rubbing, and no raking). 

�is alternative methodology did not lead to any other 

responses of the cats to the fragrances. To decrease the 

chance that the lack of response to Calvin Klein’s Obses-

sion for Men were false negative results, a third source of 

this fragrance was made available to the cats a fourth and 

fifth time, but no responses were observed.

Many have speculated that the response of cats to Cal-

vin Klein’s Obsession for Men is due to the presence of 

the molecule civetone (Mandy Aftel, �e Washington 

Post 2020 and NPR 2018; Miguel Ordeñana, Scientific 

American 2013; Ann Gottlieb, Wall Street Journal 2010). 

Civetone is an odiferous ketone found in civet, a glandu-

lar secretion of the civet cat (Anonis 1997) but it can also 

be synthesized (Tanabe 2002). To test if domestic cats 

would respond to civetone or civet, we sprayed 0.1 and 

1% civetone (a kind gift from Fred Keifer at Firmenich), 

a fragrance known to contain civetone (Civette Intense), 

and 1% absolute civet (a synthetic recreation of natural 

civet) on a fabric and made each available to the domes-

tic cats for 15 h (Tables 5 and 6). For ethical reasons, we 

decided not to obtain and test natural civet. None of the 

five cats showed any interest in the fabrics containing 

these scents (Fig.  20A). �ese data suggest that domes-

tic cats do not respond to fragrances like big cats do 

and that the response of big cats to fragrances such as 

Obsession for Men is unlikely triggered by the presence 

of compounds similar to nepetalactone, iridomyrmecin, 

actinidine, or dihydroactinidiolide. Indeed, GC-MS anal-

ysis of Obsession for Men revealed that no cat-attract-

ing single compounds were detected in this fragrance. 

�e similar negative result for Drakkar Noir suggests 

the presence of (an) other, unidentified cat-attracting 

compound(s) in this fragrance.

While domestic cats do not seem to respond to civ-

etone, this conclusion does not exclude the possibility 

that the big cats do, since the fragrances that were highly 

Table 5 An overview of the fragrances used in this study

Company Fragrance Type or concentration Place of purchase

Calvin Klein Obsession for Men Eau de toilette (1) Nordstrom, USA. (2) The Fragrance Decant Boutique, 
Decant Boutique, Little Elm, Texas, USA. (3) USA Fragrance, 
Ingram Park Mall, San Antonio, Texas, USA

Nina Ricci L’Air Du Temps Eau de parfum Amazon

Guy Laroche Drakkar Noir Eau de toilette iDimino

Paco Rabanne Paco Rabanne Pour Homme Eau de toilette Natural Nutrient

SP Parfums Civette Intense Eau de parfum Indie Scents

Matieres Premieres Essentielles Civet Absolute (synthetic) 1% in absolute ethanol Perfumer’s Apprentice

Firmenich Civettone 0.1 and 1% civetone in 
absolute ethanol

Firmenich
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popular among cheetahs were not very popular among 

the domestic cats.

Cat-attracting plants contain a wide array 

of nepetalactone-like molecules

Previously, we quantified 5 cat-attracting molecules 

(nepetalactone, epinepetalactone, isodihydronepeta-

lactone, iridomyrmecin, and actinidine) in the plant 

materials that we used in our preceding study [1] using 

tridecyl acetate as an internal standard. Here, we were 

able to use the synthesized single compounds as stand-

ards, which were previously not available. �erefore, 

we were able to quantitate these compounds more 

accurately and quantitate additional compounds in the 

plant tissues. We again analyzed catnip leaves, silver 

vine fruit gall, Tatarian honeysuckle wood, and valerian 

root. We now also included Indian nettle root, Texas-

grown silver vine leaves, and lignified silver vine stem 

(Table  2). All these plant tissues were from the same 

batches that were used in the experiments described 

in this article. We also performed GC-MS analysis on 

samples from inside the socks that were used for test-

ing. We did not find any evidence that would suggest 

significant loss of active compounds as the result of 

interactions with the cats (e.g., contact with saliva) over 

the duration of the experiments (Additional file 1: Fig-

ure S12).

As expected, nepetalactone and a 5–10-fold lower 

amount of epinepetalactone were only detected in the 

Nepeta cataria samples (Fig.  21). In addition to these 

two compounds, nearly all other known cat-attracting 

compounds were detected in catnip, except for neo-

nepetalactone and isoneonepetalactone. We found 

that one of the two brands of catnip contained large 

amounts of dihydronepetalactone and isodihydrone-

petalactone (which are reduced form of nepetalactone). 

However, surprisingly, this difference of about one log 

did not result in an increased response time of the cats 

(Additional file  1: Figure S4). In fact, the opposite was 

observed for cat O: a significantly longer response time 

was seen for Frontier catnip. A. polygama fruit galls 

also contained a large number of active compounds 

(n=9), including trans-dihydronepetalactone and trans-

isodihydronepetalactone, which are reduced forms of 

epinepetalactone. �e amount of actinidine in the sil-

ver vine fruit galls was about one log more than what 

was extracted from the catnip leaves. �e fruit galls 

contained neonepetalactone and isoneonepetalactone, 

which were absent in catnip, but did not contain dihy-

droactinidiolide. �e latter was only found in catnip. 

Surprisingly, the chemical composition of Tatarian hon-

eysuckle wood was highly similar to that of valerian root 

and Indian nettle. �ese plant tissues contained rela-

tively large amounts of actinidine in addition to two or 

three other compounds (isodihydronepetalactone, isoiri-

domyrmecin, iridomyrmecin).

GC-MS analysis was also done for M. trifoliata 

(buckbean) leaves, as well as other silver vine tissues 

(stem and leaves) and three tinctures that we used 

in our experiments (Fig.  21). Only dihydroactinidi-

olide was detected in the M. trifoliata leaves. Of the 

two cats who responded to M. trifoliata, it was cat 

V who responded longest. She was also the one who 

responded the most frequent and the longest to dihy-

droactinidiolide. We observed positive responses from 

all cats, even several hours after applying 2 sprays of 

the tinctures. �is finding suggested effective extrac-

tion of some of the cat-attracting single compounds in 

the tinctures. Indeed, when the amount of single com-

pounds in the tinctures is expressed per gram dried 

plant material, these numbers surpass those obtained 

with the methanol:dichloromethane extraction method. 

However, we used 5 volumes of ethanol per 1 volume 

Table 6 An overview of the methodology used for testing the 

fragrances

a  The fragrances were tested on 8 di�erent days. The same number in this 

column means these fragrances were tested on the same day

b  Although there is some variation between di�erent atomizers, each spray is 

roughly equivalent to 100 μL

c  Natural civet is believed to contain about 1% civetone [39]

n, number of fabrics available to the cats

Fragrance Daya n Amountb H between 
application & 
availability

Ethanol (control) 1 2 2 sprays 0

Obsession for Men (source 1) 1 2 2 sprays 0

Drakkar Noir 2 1 2 sprays 0

Obsession for Men (source 2) 2 1 2 sprays 0

L’Air Du Temps 2 1 2 sprays 0

Paco Rabanne Pour Homme 2 1 2 sprays 0

Drakkar Noir 3 2 2 sprays 0

Civette Intense 3 1 2 sprays 0

Obsession for Men (source 1) 4 1 10 sprays 10

Drakkar Noir 4 1 10 sprays 10

L’Air Du Temps 4 1 10 sprays 10

Paco Rabanne Pour Homme 4 1 10 sprays 10

Obsession for Men (source 3) 5 2 2 sprays 0

Civetone c (0.1%) 5 2 2 sprays 0

Obsession for Men (source 3) 6 1 2 sprays 0

Obsession for Men (source 3) 6 1 10 sprays 10

Civetonec (1%) 7 1 2 sprays 0

Civetone (1%) 7 1 10 sprays 10

Civet Absolute (synthetic) (1%) 8 1 2 sprays 0

Civet Absolute (synthetic) (1%) 8 1 10 sprays 10
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of plant tissue and therefore the quantity of single com-

pounds per mL of tincture was relatively low (Fig. 21). 

Since roughly 1/5 of a milliliter of tincture was sprayed 

on the fabric, this implies that domestic cats are able to 

detect quantities of just a couple of micrograms.

While the fruit galls of the silver vine plant already 

contained a large amount of actinidine, we found 3× 

more actinidine in the leaves, where it was also the 

dominant cat-attracting compound. Neonepetalac-

tone and isoneonepetalactone were not detected in the 

leaves, but the other compounds were present in simi-

lar amounts when compared to the fruit galls. Interest-

ingly, the response of cat Z where she would not touch 

the object, was seen only for actinidine and the silver 

vine leaves. As expected, fewer compounds and lower 

quantities were detected in silver vine stem. Actinidine 

was still the most abundant compound, but four other 

compounds were found as well. A piece of silver vine 

stem harvested in East Asia (sold by Mew Neko, Aus-

tin, TX, USA) that was not used in the bioassays, but 

was found particularly popular among some of the cats 

(mostly cats N and Z) was analyzed as well and com-

pared to the locally grown, younger stem. �e popular 

piece of silver vine stem contained neonepetalactone 

and more actinidine, but no dihydroactinidiolide was 

detected in it.

Discussion
In this study, we aimed to gain a better understanding of 

the “catnip response” in domestic cats by analyzing their 

behavior to different cat-attracting plants and chemically 

synthesized volatiles found in these plants. We observed 

differences between cats in their behavior to these plants 

and compounds that raise interesting questions about 

the way these compounds are perceived by cats and the 

underlying mechanism of olfactory sensation. We will 

address the most pertinent questions in more detail 

below.

For this study, cats were exposed to cat-attracting 

plants and their volatile, active, single compounds for 

nearly 1000 h over a period of more than 2 years. To the 

best of our knowledge, this is the longest exposure of cats 

to catnip and catnip-like material ever documented. Fol-

lowing the final olfactory bioassay for this study in late 

2020, L. tatarica wood and dried A. polygama leaves were 

made available to the cats in a nearly continuous manner. 

Since authors SB and EMB have been living together with 

the study cats before, during, and also after the study, 

we were able to closely monitor any potential negative 

health effects as the result of exposure to these olfac-

tory stimuli. No adverse health effects, either physically 

or mentally, were observed, up to the publication date. 

�ese results support the current belief that these plants 

Fig. 20 Responses of five domestic cats to fragrances attractive to Panthera (jaguar, leopard, snow leopard, lion, and tiger) and Acinonyx jubatus 

(cheetah). A Response duration plotted as time per hour the fragrances were available to the cats, with the response time of two responses by cat A 

to Drakkar Noir shown within the bar. Obsession for Men was available for 75 h (5 days), Drakkar Noir 45 h (3 days), L’Air Du Temps and Paco Rabanne 

30 h (2 days), and the other fragrances for 15 h (1 day). B Analysis of the observed behavior of cat A in response to Drakkar Noir. The average of the 

two responses is shown. Body position, head rubbing, and licking are shown as the percentage of the response duration, while head shaking and 

twitching of the back are shown as events per minute of response and are plotted on the right Y axis
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and their active compounds are safe (in the amounts that 

were available to them in this study) and offer an excel-

lent source of environmental enrichment.

Unfortunately, catnip is sometimes referred to as 

“kitty crack”, and the euphoric, blissful response to the 

cat-attracting plants considered a “high” or cats “trip-

ping”. �is negative association can prevent cat guard-

ians from offering olfactory enrichment. However, the 

plants that produce THC, the active compound in mari-

juana or weed (cannabis plant), cocaine or crack (coca 

plant), or heroin (opium poppy) are not related to any of 

the cat-attracting plants. Cannabis, the coca plant, and 

opium poppy are all species in families (Cannabaceae, 

Erythroxylaceae, and Papaveraceae, respectively) that 

do not include the cat-attracting plant species (fami-

lies: Euphorbiaceae, Actinidiaceae, Caprifoliaceae, and 

Lamiaceae). Furthermore, the structures of THC, LSD, 

cocaine, and heroin are much more complex than the 

cat-attracting iridoids and about twice the molecu-

lar weight (Additional file  1: Figure S13A). Two major 

differences between the above-described psychoactive 

drugs and the cat-attracting compounds are their route of 

entry and subsequent receptor binding. None of the psy-

choactive drugs are volatiles. �e drugs need to end up in 

the blood (e.g., intravenous injection, orally, nasal tissue 

(snorting ≠ smelling), smoking) and subsequently bind 

receptors in the brain for them to be active; they do not 

elicit a response after smelling them. Nepetalactone only 

has an effect when the volatile is bound to the olfactory 

receptors after the cat inhaled air through the nose; it has 

no effect when absorbed into the blood after oral admin-

istration [40]. Another difference between psychoactive 

drugs and cat attractants is the duration of the response. 

While the “catnip response” lasts seconds to several min-

utes at most and can be easily interrupted, the effects of 

administering cocaine, heroin, LSD, or smoking cannabis 

last for hours and cannot be stopped. Authors SB and 

EMB, who live with the cats, did not observe any with-

drawal, abnormal behavior, or changes in behavior of any 

of the participating cats after the cat attractants had been 

Fig. 21 Quantitation of cat-attracting compounds in plants using GC-MS. The plant tissues used for this analysis were fresh samples. They 

were taken from the same bags of plant material that were used for the 10 × 10-h testing. Amounts are reported as microgram per gram plant 

material, except for the tinctures (μg/mL tincture). Tinctures were made by adding 5 volumes ethanol (500 ml) to one volume of plant tissue 

(10, 20, and 50 grams for catnip, Tatarian honeysuckle, and valerian root, respectively). Dashes indicate that the compound was not detected. 

Numbers are rounded to the nearest half. Reported values are the average of three separate extractions of the plant material. Unrounded numbers 

with standard error of the mean are shown in Additional file 1: Figure S12. Where compounds (3) and (4) are reduced forms of compound 

(1), trans-dihydronepetalactone and trans-isodihydronepetalactone are reduced forms of compound (2). Trans-dihydronepetalactone and 

trans-isodihydronepetalactone were not used in the bioassays with domestic cats
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taken away from the cats. In the contrary, we believe we 

observed more positive interactions between cats in the 

testing area when the cat-attracting plants or single com-

pounds were present, although this was not measured.

Much about the “catnip response” still seems riddled in 

mystery. We are clueless as to what the reason for, or bio-

logical function of, the response is and why it is only seen 

in felines. It has been hypothesized that a cat rubbing 

plant material with insect-deterrent compounds could 

reduce the number of mosquito bites [20] and thereby 

prevent mortality due to mosquito-borne diseases. How-

ever, such diseases are uncommon in felines. Moreover, 

given the large range of mosquitoes in terms of both 

geographical spread and species that can serve as a host 

for blood meals, it would be likely that similar behavior 

would have evolved in other species. It is known that 

dihydroactinidiolide is present in secretions of the sup-

racaudal and tail glands of the red fox, as well as in their 

urine. Our bioassays have demonstrated that domestic 

cats respond to dihydroactinidiolide. �ese observations 

justify revisiting the hypothesis that the “catnip response” 

is elicited by extreme quantities of compounds similar in 

structure to semiochemicals that serve in the communi-

cation between individuals from the same species (pher-

omones) [2, 32].

Another big unknown is which olfactory receptors are 

bound by the volatile cat-attracting molecules. Our study 

shows that some cats respond more strongly to actinidine 

than to lactones, while others do not respond to actini-

dine at all. �is suggests that cats may have genetic dif-

ferences in the receptor(s) that detect(s) these various 

compounds. Since the number of odorants far exceeds 

the number of olfactory receptors, it is believed that a 

single receptor can bind different odorants, but also that 

the same odorant can bind to different receptors, albeit 

probably with different affinities. �is combinatorial 

olfactory receptor code and our poor understanding of 

structure-odor relationships make it difficult to speculate 

about the molecular mechanism that is involved in the 

“catnip response” and what might explain the difference 

in response between cats to the lactones and actinidine.

�e most obvious difference between actinidine and 

all other cat-attracting compounds is that actinidine 

contains a pyridine ring instead of a lactone, while still 

retaining the cyclopentane ring. �ese different features 

of actinidine may allow for binding to different recep-

tors that are only expressed in some cats, or to mutated 

versions of the same receptors that bind the type I and II 

lactones.

We found that the “catnip response” could not be elic-

ited by catnip in cats habituated to silver vine or Tatarian 

honeysuckle. Since silver vine and Tatarian honey-

suckle both lacked nepetalactone, epinepetalactone, and 

dihydroactinidiolide, it may be possible that the other 

type I and II lactones in silver vine and Tatarian honey-

suckle bind the same receptor(s) as nepetalactone and 

dihydroactinidiolide.

It has recently been shown that cats also respond to 

nepetalactol [20], which is a reduced form of nepeta-

lactone and similar in structure, but lacks the carbonyl 

group of the lactone (Additional file  1: Figure S13B). 

�is suggests the carbonyl functional group may not be 

required for the lactones to engage with the receptor(s). 

Keesey and colleagues recently showed that Actinidia 

arguta leaves contain moderate amounts of nepetalac-

tol, but only trace amounts of iridomyrmecin and actini-

dine, and no nepetalactone [41]. However, the A. arguta 

leaves that we tested previously did not elicit the “catnip 

response” in any of 8 domestic cats [1].

Nelson and Wolinsky reported that cats responded 

positively to both iridomyrmecin and isoiridomyrmecin 

[19], which is in agreement with the results from Uenoy-

ama et  al. and our findings. �ey also tested cis-cis-iri-

dolactone (molecules XXV and XXVI in reference [42]), 

epimers of iridomyrmecin and isoiridomyrmecin that 

have not been tested by others (Additional file 1: Figure 

S13B). Surprisingly, none of the cats responded positively 

to the cis-cis-iridolactones, despite their structural simi-

larity to iridomyrmecin and isoiridomyrmecin [19]. �e 

only difference between these compounds is the methyl 

group on the cyclopentane ring, which is inverted on the 

cis-cis variants. �is suggests that (the orientation of ) this 

methyl group, along with the cyclopentane ring, might 

play an important role in binding to the receptors. While 

we did not see statistically significant differences in dura-

tion of the “catnip response” between compounds, the 

response to both neonepetalactone and isoneonepetalac-

tone seemed lower than all other type I and II lactones. 

While the methyl group on the 5-membered ring is not 

inverted on neonepetalactone and isoneonepetalactone 

as it is on the presumably inactive cis-cis-iridomyrmecin 

and cis-cis-isoiridomyrmecin, it is planar to the cyclopen-

tene ring. �is planar orientation of the methyl group is 

different from all the other active type I and II lactones 

(1–4, 7, and 8, Fig. 13) and may possibly account for the 

seemingly reduced response duration of the cats to neo-

nepetalactone and isoneonepetalactone.

Nelson and Wolinsky also found that cats responded 

positively to another compound that has not been 

tested by others: the bridged bicyclic matatabiether 

(Additional file  1: Figure S13B). Interpretation of the 

results from the work done by Nelson and Wolin-

sky is challenging however, because the experimental 

methods of the bioassays were not described in detail. 

Furthermore, no clear definition was given when a 

response was considered positive. Sniffing, licking, or 
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biting in the absence of head rubbing may have been 

considered a positive response [15, 43].

We observed differences in attractiveness of plant 

materials to cats that may be explained by their chemi-

cal composition. �e popularity of silver vine fruit galls 

and leaves may be explained by the presence of some 

compounds that were not detected in any of the other 

plants, the large number of cat-attracting compounds 

present, or the large quantity of actinidine. However, 

the combined results from the bioassays and GC-MS 

analysis also suggest there may be other, unidentified, 

cat-attracting compounds present in the cat-attracting 

plants, especially Tatarian honeysuckle. While no cat-

attracting compounds were detected in any of the fra-

grances tested, the “catnip response” was seen twice after 

fabric with Drakkar Noir was made available to cat A. 

While cats O and V did not respond to actinidine, yet 

both cats responded to the Tatarian honeysuckle tinc-

ture, in which we only detected actinidine. We observed 

dishabituation of cat O to Tatarian honeysuckle, both 

after habituation to silver vine fruit galls (twice) and cat-

nip leaves had occurred, while we were not able to detect 

any compounds in the honeysuckle that were not pre-

sent or present at lower levels in the silver vine or cat-

nip samples. �e chemical composition of valerian root 

was similar to that of Tatarian honeysuckle wood and 

Indian nettle root. However, cat O responded signifi-

cantly longer to Tatarian honeysuckle than to valerian 

root. Furthermore, cat Z did respond to Tatarian honey-

suckle wood and Indian nettle root, but never to valerian 

root. Possibly, some plant samples contained odorants 

that had a repelling effect on some cats (e.g., valerian 

root). Indeed, the valerian root tincture did not contain 

any known cat-attracting compounds that were not also 

present at comparable levels in the dried valerian root, 

yet cat Z responded to the tincture and not to the dried 

plant material. Previous quantitation where compounds 

were extracted from plant tissues for not 2, but 7 days in 

dichloromethane yielded a similar pattern: none of the 

quantitated compounds was found to be only present 

or at higher levels in Tatarian honeysuckle compared 

to catnip and silver vine [1]. Other cat-attracting single 

compounds may have been extracted, but not identified. 

Cats detect the volatile compounds emitted by the plant 

tissues in the air. For our chemical analysis, we chose to 

extract the compounds from the plant tissues using sol-

vents, to enable accurate identification and quantifica-

tion, as was done in our previous work [1]. �ere may 

be some discrepancy between naturally emitted volatiles 

from the plant materials and those that can be extracted 

with solvents. Headspace (airspace) analysis may pro-

vide results that better represent what cats detect than 

the solvent extraction methods, but most headspace 

analysis methods (SPME or purge and trap) cannot be 

easily quantified. Our quantification data however is a 

useful guide to the presence and relevant amounts of cat-

attracting compounds present within each plant material 

tested in this study. A useful outcome of this study is that 

we were able to quantify a large group of cat-attracting 

compounds from the same plant materials that were 

exposed to the cats for behavioral analyses, enabling us to 

link some of the chemistry with cat behavior.

Our interest in cat-attracting plants ([1] and this work) 

originates from observations that cats A, N, O, V, and Z 

did not respond to catnip prior to and during the tests 

done in 2016 [1], despite being exposed to the plant mate-

rial longer and more frequently than any of the other cats 

in the study. �erefore, it was surprising that the same 

cats, especially all five, responded to catnip during the 

tests done for this work. In early 2016, cats A and Z were 

9 and 5 years, respectively, and the three littermates were 

16 months. It is often claimed that cats younger than 3–6 

months do not respond to catnip. However, it might be 

possible that there is not a tight age cutoff, but that the 

“catnip response” is something that can or perhaps even 

needs to be acquired over time through experience with 

olfactory stimuli. Using the dataset from our 2017 publi-

cation, we found that of young adult cats (6–18 months) 

almost 50% fewer responded to catnip than the older cats 

(Additional file 1: Figure S14). In contrast, the high per-

centage of cats responding to silver vine was equal among 

all 4 different age groups. Interestingly, the 5 cats in the 

study only started to respond to catnip months after they 

responded to silver vine. Long-term non-responders sud-

denly responding to catnip have been described in litera-

ture before, but for these cases it was suspected to be due 

to fluctuations in hormones of intact female cats [2].

Our observations were done in a small group of cats. 

�e advantage of this approach was that it allowed us to 

test relatively large numbers of cat-attracting plants and 

single compounds on the same group of domestic cats in 

a low-stress environment. �e small, homogenous study 

population did not prevent us from obtaining answers 

to the main research questions. With this small group of 

cats, we were able to demonstrate that the individual cat’s 

response to other cat-attracting plants is similar to cat-

nip and that there is substantial variation between cats in 

the behavior during the “catnip response”. Furthermore, 

we learned that cats respond to a large number of type 

I and II lactones, but also to dihydroactinidiolide and 

actinidine. Based on results from this study and research 

recently done by Reiko Uenoyama and colleagues, we 

now know that only 10–20% of domestic cats respond 

to actinidine. We were also able to demonstrate that the 

behavior to actinidine was different from the lactones. 

However, it is possible that we missed other differences 
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that will only become apparent when larger numbers of 

domestic cats and a more heterogeneous population (e.g., 

different breeds) are tested. Another limitation of this 

study is that the position of the camera, both the angle 

and distance, made it sometimes difficult to observe cer-

tain activity in the testing area. For this reason, we were 

not able to study position of the ears and whiskers, pupil 

size, and (excessive) salivation [1]. Furthermore, the fixed 

camera position sometimes complicated discrimination 

between behaviors, e.g., licking or head rubbing. While it 

also would have prevented us from studying any delayed 

behavior in response to the olfactory stimuli that would 

have occurred off-camera, nothing indicated that such 

behavior did occur.

Studying more cats, plants, and single compounds will 

undoubtedly reveal additional cat-attracting plants and 

single compounds that can elicit the “catnip response”. 

Some of these molecules may affect even fewer cats than 

actinidine does. Newly identified cat-attracting volatiles 

do not necessarily need to come from plants. Both pla-

giolactone and gastrolactone (Additional file  1: Figure 

S13B) are similar in structure to the cat-attracting type I 

and II lactones and are produced by different species of 

leaf beetles [44, 45]. We are not aware of any publication 

reporting the detection either plagiolactone or gastrolac-

tone in plant tissue. It remains to be determined whether 

these two compounds can elicit the “catnip response”. 

Furthermore, it may be possible to synthesize many novel 

cat-attracting compounds that do not occur anywhere in 

nature.

Conclusions
We have performed a comprehensive study of the “cat-

nip response” of domestic cats to five plants, 10 single 

compounds, and several other samples. We observed 

that while responses between cats were highly variable, 

the behavior of individual domestic cats to diverse cat-

attracting plants as well as all lactones was quite simi-

lar. Interestingly, the response to actinidine was most 

divergent, with several non-responders and a small per-

centage of cats who preferred actinidine over all other 

compounds. Collectively, these results have increased our 

understanding of the “catnip response” in terms of both 

behavior and the chemical compounds that elicit it. It has 

also revealed potential differences in the perception of 

compounds between cats that warrant further investiga-

tion into the underlying genetics of cat odorant percep-

tion and the mechanism(s) of action of these compounds.

Methods
Study population

Six healthy, neutered, adult, domestic short-haired cats 

(Table 1) participated in this study that commenced in 

June 2018 and ended in December 2020. All cats were 

adopted from a local shelter, with cats N, O, and V from 

the same litter. In December of 2018, cat H needed to 

be separated from the other cats for medical reasons 

and was therefore not exposed to V. officinalis and the 

single compounds. All cats were seen by a veterinarian 

(Babcock Hills Veterinary Hospital in San Antonio, TX, 

USA) for routine veterinary care (physical examination, 

blood tests, vaccinations, dental cleaning, and dental 

X-rays) at least once a year, were treated once a month 

with Catego (dinotefuran, fipronil, and pyriproxyfen) for 

flea and tick control, and received milbemycin oxime for 

heartworm prevention and intestinal parasite control 

once a month. In November 2020, cat A was diagnosed 

with hyperthyroidism and treated with radioiodine that 

same month.

Study environment

All experiments were done in a low-stress setting. Cow-

boy Cat Ranch is the permanent home of all the cats 

who participated in this study, as well as the authors and 

researchers SB and EMB. It is a one-story house with 195 

 m2 indoor living space and 51  m2 enclosed outdoor space 

on 4.1-ha privately owned land, with little to no distrac-

tion. �e testing area consisted of a 6.3  m2 (3.3 × 1.9 m) 

piece of vinyl sheet (Additional file 1; Figure S1G) placed 

in the center of the floor of a 45  m2 (8.2 × 5.5  m2) open 

room that was recorded continuously when an olfactory 

test sample was made available to the cats. �e cats were 

motivated to spend time in the open room with the test-

ing area by temporarily restricting their living space (not 

allowing access to other rooms or outdoor enclosures), 

offering treats close to, but not at, the testing area at set 

times, or by being present in the room where the olfac-

tory samples were available. �e latter two strategies 

were only employed when the single compounds were 

tested. For the safety of the cats, the IACUC required at 

least one human to be present during the testing of these 

compounds to actively look for any potential adverse 

reactions (none were observed), since felines have not 

been previously exposed to several of these before. When 

the tested plants were available for the cats (10 days per 

plant, 10 h per day), no humans were present. �e mini-

mum living space for the cats during the testing period 

was 120  m2 and contained twelve large (about 2 m tall) 

cat trees, more than 37 m of wall shelves, multiple cat 

beds and comforters to provide vertical space and hid-

ing places. None of the cats were ever forced to be at a 

certain location, act, respond, or behave in any way. �e 

indoor temperature was maintained constant at 20–23 

°C and all rooms were illuminated when it was dark out-

side. �e cats were fed canned food four to six times a 

day, and had continuous access to running and standing 
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water, multiple litter boxes, and fresh (no older than 14 

days after seeding) oat grass.

Plants

Five different plant species were used in this study: 

Nepeta cataria or catnip, Acalypha indica or Indian net-

tle, Actinidia polygama or silver vine, Lonicera tatarica 

or Tatarian honeysuckle, and Valeriana officinalis or 

valerian (Table  2, Additional file  1: Figure S1A-F). Acti-

nidia polygama “Hot Pepper” (female) and “Pavel” (male) 

varieties were purchased as one gallon-size plants in 

2017. Before collecting leaves and woody stems in Octo-

ber/November 2020, the plants had been growing in 

Mico, Texas, USA, for three and a half years. Leaves and 

stems from these plants were dried at room temperature 

and 30–50% humidity for 1 to 2 weeks. �e stem used for 

testing was woody, 15 cm long, and had a diameter of 1 

cm (similar to what is commercially available). With the 

exception of A. polygama stem, 15 g of each plant mate-

rial was offered to the cats. A. indica roots were collected 

from Christmas Island, Australia, as described previ-

ously [18]. �e roots were washed free of soil material 

and lyophilized immediately after collection and stored 

in vacuum-sealed bags until use. All plant materials were 

stored airtight at room temperature, away from direct 

sunlight.

Single compounds

�irteen different single compounds were used in 

this study to test if and how domestic cats responded 

to them (Table  4): (1) nepetalactone ((4aS,7S,7aR)-

4 ,7-dimethyl-5 ,6 ,7 ,7a- te trahydro c yclop enta[c]

pyran-1(4aH)-one), (2) epinepetalactone ((4aS,7S,7aS)-

4 ,7-dimethyl-5 ,6 ,7 ,7a- te trahydro c yclop enta[c]

pyran-1(4aH)-one), (3) dihydronepetalactone 

((4S,4aR,7S,7aR)-4,7-dimethylhexahydrocyclopenta[c]

pyran-1(3H)-one), (4) isodihydronepetalactone 

((4R,4aR,7S,7aR)-4,7-dimethylhexahydrocyclopenta[c]

pyran-1(3H)-one), (5) neonepetalactone ((4S,4aR)-

4 ,4a ,5 ,6- te trahydro-4 ,7-dimethylc yclop enta[c]

pyran-1(3H)-one), (6) isoneonepetalactone ((4R,4aR)-

4 ,4a ,5 ,6- te trahydro-4 ,7-dimethylc yclop enta[c]

pyran-1(3H)-one), (7) iridomyrmecin 

((4S,4aS,7S,7aR)-4,7-dimethylhexahydrocyclopenta[c]

pyran-3(1H)-one), (8) isoiridomyrmecin 

((4R,4aS,7S,7aR)-4,7-dimethylhexahydrocyclopenta[c]

pyran-3(1H)-one), (9) actinidine ((S)-4,7-dime-

thyl-6,7-dihydro-5H-cyclopenta[c]pyridine), (10) 

dihydroactinidiolide ((R)-4,4,7a-trimethyl-5,6,7,7a-tet-

rahydrobenzofuran-2(4H)-one), (11) indole, menthol, 

and methyl salicylate. Dihydroactinidiolide (10) and 

indole (11) were purchased from AK Scientific (#J10744 

and #I908, respectively). Compounds 1 and 9 [46], 2–4 

[18], 5–6 [47], and 7–8 [48] were all synthesized accord-

ing to literature procedures and shipped from Australia 

to the USA at room temperature in two clear glass vials 

with Teflon screw caps, each containing approximately 

5 mg of material accurately weighed. Upon arrival, the 

vials were stored in the dark at 4 °C. Immediately prior 

to testing the compounds were dissolved in diethyl ether 

(Acros #448421000) at a concentration of 1 mg/mL using 

a Gilson Microman E M1000E positive displacement 

pipet with 1 mL capillary pistons. �e concentration of 

1 mg/mL is equivalent to about 6 mM for the lactones, 

7 mM for actinidine, 5.5 mM for dihydroactinidiolide, 

6.5 mM for menthol and methyl salicylate, 4 mM for civ-

etone, and 8.5 mM for indole. While we did not normal-

ize based on the molecular weight of the compounds, 

three different amounts of each compound were tested: 

33 μg, 100 μg, 300 μg, and 900 μg, equivalent to 33, 100, 

300, and 900 μL of solution. �ese amounts were cho-

sen in the absence of information about the lower level 

of detection in domestic cats and were somewhat arbi-

trary. While Nelson and Wolinsky tested 3000–5000 μg 

[19], we decided to start with the lowest amount that 

we could reliably pipette and increase the volume (and 

hence the amount of the compound) during the day or 

subsequent testing on another day to rule out that cats 

did not respond because the amount used was too low. 

Fifty to four hundred micrograms of iridoids was used in 

the study led by Masao Miyazaki [20], who published the 

results while this manuscript was in preparation. We did 

not screen different amounts with the intent to establish 

a dose-response relationship, since this would be compli-

cated by both fluctuating activity levels of domestic cats 

during the day (typically less active in the afternoon). 

Furthermore, previous exposures may have an effect on 

the subsequent testing of higher amounts of the com-

pounds, especially when different amounts are tested on 

the same day. Since there was no information available 

on the stability of these compounds when dissolved in 

diethyl ether, the goal was to test them immediately. �is 

limited us to two testing days. However, a limited amount 

of the compounds (neonepetalactone and isoneonepeta-

lactone: one vial with 5 mg) and the need for additional 

testing (neonepetalactone: technical problems with 

recording; epinepetalactone and actinidine: assuring that 

lack of response was not due to limited exposure time) 

required us to store compounds dissolved in diethyl ether 

for short periods of time. Neonepetalactone and isoneo-

nepetalactone were stored in the dark at 4 °C for 4 days 

before 100 μg, 300 μg, and 900 μg were tested. Neone-

petalactone had to be stored for a further 6 days because 

of technical issues while recording. Testing epinepetalac-

tone and actinidine on more than 2 days was not antici-

pated, but motivated by the results of the first two testing 
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days (absence of response by multiple cats). After the sec-

ond test day, epinepetalactone dissolved in diethyl ether 

was stored for one and a half months at room tempera-

ture. Actinidine dissolved in diethyl ether was stored in 

the dark but at fluctuating temperatures, ranging from 

freezing to room temperature and was used once to test 

900 μg after 2 weeks of storage. Actinidine used to test on 

the 4th and 5th day was a new shipment from Australia, 

which was re-purified (silica chromatography) prior to 

shipping because some degradation (browning) of the 

original stock (that was stored neat at 4 °C) was noticed. 

In addition to the compounds mentioned above, a small 

amount of trans-dihydronepetalactone ((4S,4aR,7S,7aS)-

4,7-dimethylhexahydrocyclopenta[c]pyran-1(3H)-one) 

and trans-isodihydronepetalactone ((4R,4aR,7S,7aS)-4,7-

dimethylhexahydrocyclopenta[c]pyran-1(3H)-one) was 

used for quantitative analysis and prepared by reducing 

epinepetalactone (2) in a similar fashion to the prepara-

tion of dihydronepetalactone (3) and isodihydronepeta-

lactone (4) from nepetalactone (1) [18].

Testing procedures

Cats were familiarized with the vinyl sheet and their 

altered environment for at least 1 month prior to the 

start of the study. �in, fibrous, porous, polyester socks 

with 2–3% spandex were used as carriers of the olfac-

tory material. �e testing area accommodated a maxi-

mum of four socks / samples at the same time. Socks 

were mounted near each corner of the testing area 

using twine in a way that allowed for some movement 

(25 cm radius) of the sock, but eliminated cross-over 

contamination between samples or controls (Additional 

file 1: Figure S1G) and prevented cats from moving the 

socks outside of the 4.5  m2 area captured by the cam-

era. �e olfactory samples were deliberately offered for 

many hours, in pairs, and on multiple days to reduce 

the chance that a cat would not respond because of 

unawareness of the presence of the olfactory stimu-

lus, competition for the sample with another cat (only 

seen in 6 of the 470 responses to the plant samples), or 

hindrance in any other way by another cat. �e sam-

ples were available as a free operant, meaning that all 

cats had free and open access to them. �e vinyl sheet 

was cleaned with water and soap before and after every 

testing day. Responses where the cats displayed behav-

ior listed in the ethogram (see the paragraph “Behavio-

ral analysis” below) were considered catnip responses 

or positive responses.

Plants

Five different plants plus a negative control (green tea) 

were tested between June 2018 and May 2019 (Table 2, 

Additional file  1: Figure S2A). Each sock contained 15 

g of plant material. Samples and negative controls were 

offered in duplicate to allow two cats to respond simul-

taneously. Samples were mounted diagonally across 

so responding cats had enough space and would not 

disturb each other. Plant materials were offered for 

10 h (between 9:30 and 19:30) on ten different days 

(Monday–Friday only), within a total time period of 5 

weeks: five days in the first 2 weeks and 5 days in the 

last 2 weeks, separated by at least one full week (Mon-

day–Sunday) of no exposure. Exposure was limited to 

no more than 3 days in 1 week (Monday–Friday), never 

more than 2 days of exposure in a row, but at least one 

consecutive 2-day exposure per 2-week period (Addi-

tional file  1: Figure S2A). To avoid human presence 

affecting the outcome of the experiments, no humans 

were present during these tests. �e schedule described 

above allowed for some flexibility, while keeping the 

testing conditions highly similar for all plants tested. 

Different plant samples were offered no sooner than 

one week after the previous testing was completed. �e 

same socks and plant materials were used throughout 

the 5-week testing period. On days and nights when the 

olfactory stimuli were not tested, they were stored in an 

airtight bag, away from direct sunlight, at room temper-

ature. New socks were used when new plant materials 

were tested. Since the tested plant samples could easily 

be identified by their smell, the experiments with the 

plants were not performed blinded.

Single compounds

�e single compounds were tested from December 

2018 through to August 2020. Various volumes (33, 

100, 300, or 900 μL) of compound dissolved in diethyl 

ether (final concentration of 1 μg/μL) were applied on 

the outside of a sock. Equal amounts of diethyl ether 

were used for the negative control socks. �e diethyl 

ether was allowed to evaporate prior to mounting the 

socks. Compounds were tested on two different days: 

33 and 100 μg on day A for 1 and 4 h in the afternoon, 

respectively, and 100, 300, and 900 μg on day B, all for 

4 h, starting at 7:30, ending at 19:30. All samples to be 

tested on the same day (e.g., socks with 33 μL and 100 

μL for day A) were prepared early in the morning and 

were stored in an airtight bag away from direct sunlight 

at room temperature prior to use. �ere were always 3 

days between days A and B, to rule out responses on 

day A affecting responses on day B. While the record-

ing area had a capacity for 4 samples, no more than 

two different compounds were tested at the same time. 

When possible, different combinations of compounds 

were tested on day A than on day B (e.g., nepetalactone 

and iridomyrmecin on day A, but on day B nepetalac-

tone was tested together with dihydronepetalactone). 
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We chose for this rotating setup to prevent false nega-

tive responses that were the result of a strong prefer-

ence for one compound over the other. Testing of 

epinepetalactone was repeated for this reason since 

this compound was offered in combination with actini-

dine on both days, and cat A was extremely attracted 

to actinidine. We aimed to test the single compounds 

as soon as possible after they were received as we were 

unsure about their stability. However, not all the com-

pounds were received at the same time and therefore 

some compounds were tested together on both days A 

and B. Each sample was always accompanied by a nega-

tive control. To comply with IACUC guidelines, at least 

one human was present during exposure tests with the 

single compounds, since at the time the tests were con-

ducted, no safety information was available for these 

compounds. Socks containing higher amounts of the 

single compound were mounted on the same location 

to prevent cross-contamination of the vinyl surface 

area. All compounds were coded and the testing and 

analysis (response frequency and duration) were done 

blind.

Behavioral analysis

All responses of the cats to the plants or single com-

pounds were video recorded. Behavioral analyses of 

the responses were performed using the free, open-

source software BORIS (version 7.9.19) [49]. The etho-

gram shown in Table 3 was used for the video coding 

of the cats’ behavior. The video ethogram shows the 

behavior listed in the ethogram of the domestic cats 

who participated in this study in response to the cat-

attracting plants or single compounds (Additional 

file  2). Four recordings are shown for each behavior 

listed in Table  3. The analysis using BORIS software 

was not done blinded, since behavioral comparisons 

were done using recordings of responses with known 

duration and hence after the quantitative analysis. 

Body position, biting, head rubbing, holding, licking, 

and raking were expressed as the percentage of the 

total response duration as determined by using BORIS. 

Head shaking, rippling of the back, rolling on the side, 

and twitching of the back were reported as events per 

minute and plotted on a different Y axis to allow for 

better visualization of these behaviors and discrimina-

tion of their frequency between cats or stimuli. Small 

discrepancies exist between the total response time 

(used to calculate differences in response duration and 

timed with a stopwatch) and the sum of the duration of 

all behaviors scored in BORIS. For the former, the total 

time the cat was responding was used, and sometimes 

included aspects of the response that were not scored 

in BORIS (e.g., stretching out while in lateral position 

in the middle of the response, but not actively engag-

ing with the test object, or, rarely seen, playfully run-

ning away from and towards the test object, swatting 

it when passing by). In rare situations, it was difficult 

to determine with certainty what the cat was doing, for 

example, discriminating between head rubbing, lick-

ing, or biting. When in doubt, the behavior was not 

scored in BORIS.

Habituation / dishabituation testing

Actinidia polygama, Lonicera tatarica and Nepeta cataria 

(Frontier) were used to study habituation / dishabituation 

of domestic cats to these cat-attracting plants (Additional 

file  1: Figure S2B). Habituation to a cat-attracting plant 

would show as a reduction of the response time after fre-

quent exposure to the plant. Dishabituation would be the 

recurrence of the diminished response to a new stimu-

lus (a different cat-attracting plant). Half a gram and 2.5 

g dried A. polygama fruit gall powder, 2.5 g L. tatarica 

sawdust and 2.5 g dried N. cataria leaves were available 

to the cats. Each plant material was tested on at least 10 

consecutive days for either 2 or 12 h (20:00–22:00 and 

10:00–22:00, respectively). Two socks were available for 

each plant material. No negative controls were used in 

these experiments. Prior to testing, no olfactory stimuli 

were available to the cats for at least 2 weeks.

Detection of Pseudasphondylia matatabi in A. polygama 

fruit galls

Forty milligrams of dried A. polygama fruit galls was 

powdered by grating and subsequently used to isolate 

total DNA with Zymo’s Quick-DNA Microprep Plus kit 

(#D4074) as per manufacturer’s instructions. Potential 

PCR inhibitors were removed using Zymo’s OneStep 

PCR Inhibitor Removal kit (#D6030). P. matatabi mito-

chondrial cytochrome c oxidase subunit 1 (COX) (Gen-

Bank AB085873.1) DNA was amplified with AccuStart II 

PCR SuperMix and P. matatabi-specific primers 5′–AGG 

AAC TGG AAC AGG ATG AACA–3′ and 5′–AAA ATT 

GGG TCT CCA CCT CCT–3′ (250 nM final concentra-

tion) using the following program: 3 min. at 95 °C, 35× 

(30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C), and 2 min at 72 

°C. �e 330 bp cox1 amplicon was Sanger sequenced and 

BLASTn was used to identify the species.

DNA barcoding of plants

DNA was isolated from 40 to 100 mg fresh leaves 

(Actinidia species) or 20 to 80 mg wood chips (Loni-

cera species) using Omega Bio-Tek’s E.Z.N.A. Plant 
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DNA kit (#D2411-00) as per manufacturer’s instruc-

tions. matK was amplified with AccuStart II PCR 

SuperMix (QuantaBio #89235-018) and primers 5′–

CGT ACA GTA CTT TTG TGT TTA CGA G–3′ and 5′–

ACC CAG TCC ATC TGG AAA TCT TGG TTC–3′ (250 

nM final concentration) [50] using the following pro-

gram: 3 min at 95 °C, 40× (30 s at 95 °C, 40 s at 60 °C, 

60 s at 72 °C), and 5 min. at 72 °C. rbcL was amplified 

with AccuStart II and primers 5′–ATG TCA CCA CAA 

ACA GAA AC–3′ and 5′–TCG CAT GTA CCT GCA GTA 

GC–3′ [50] using the following program: 1 min. at 94 

°C, 35× (10 s at 94 °C, 20 s at 60 °C, 45 s at 70 °C). 

The psbA – trnH intergenic spacer was amplified using 

primers 5′–GTT ATG CAT GAA CGT AAT GCTC–3′ 

and 5′–CGC GCA TGG TGG ATT CAC AATCC–3′ [51] 

as described for rbcL. After DNA cleanup using NEB’s 

Monarch PCR Cleanup kit (#T1030G), the amplicons 

of approximately 450–800 bp were Sanger sequenced 

using the forward and reverse primer. T-Coffee [52] 

was used to align the sequences and the consensus 

sequence was used to identify the species using NIH’s 

nucleotide BLAST.

Tinctures

Tinctures were made by adding five volumes (500 

mL) of absolute ethanol (Fisher Scientific, #BP2818) 

to approximately 100 mL volume of plant materials 

inside a glass bottle. This included the following: dried 

catnip leaves (Frontiers; 10 grams), Tatarian honey-

suckle sawdust (20 grams), and dried valerian roots 

(50 grams). The bottles were closed with a screw cap 

and were stored at room temperature in the dark with 

daily mixing for 18 months. The liquid fraction was 

collected into a glass spray bottle by aspiration using a 

Pipet-Aid, without disturbing the plant material sedi-

ment. Two sprays of the tincture (about 200 μL) were 

applied to a fabric (empty polyester sock with 2–3% 

spandex), one on each side. All three tinctures and a 

control fabric were offered for 5 h on one afternoon/

evening in October of 2020. No other olfactory stimuli 

were offered to the cats at least 2 weeks prior to testing 

these tinctures.

Fragrances

Fabrics (empty polyester sock with 2–3% spandex) 

containing either a fragrance (Table 5) or negative con-

trol (absolute ethanol) were offered to the cats on 8 

different days between early September 2020 and mid-

December 2020. No olfactory stimuli were offered at 

least 5 days prior to testing of the fragrances. Fabrics 

sprayed once on each side were made available to the 

cats immediately, whereas fabrics sprayed abundantly 

(about 10 sprays) were left to stand for 10 h at room 

temperature prior to making them available to the cats 

(Table 6). Each sample was available to the cats for 15 

h (7:00–22:00).

Chemical analysis of cat-attracting compounds

The methodology published previously [1] to extract 

and quantitate known cat-attracting compounds was 

optimized as described in detail below. Plant materi-

als not already in powdered form were frozen with 

liquid nitrogen and powdered using a mortar and 

pestle. Powdered samples (circa 500 mg) were accu-

rately weighed into glass vials in triplicate, and 50 μg 

of internal standard (50 μL of 1 mg/mL benzofura-

none in ethyl acetate, Sigma #124591) was added 

per 500 mg tissue (10 μg per 100 mg). This stand-

ard was chosen over the previously used tridecyl 

acetate standard because benzofuranone was found 

to be more stable over time and it does not elute in 

regions of the chromatogram where other analytes in 

the samples elute (especially A. polygama samples). 

Instead of 100% dichloromethane, we used 5% (v/v) 

methanol / 95% dichloromethane as extraction sol-

vent, since we found through optimization that it is 

more effective at extracting the maximum amount 

of compounds of interest in 2 days versus up to 7 

days using 100% dichloromethane. Five milliliters of 

extraction solvent was added, the vials were sealed, 

and the content was magnetically stirred at room 

temperature for 2 days. One-milliliter aliquots were 

filtered and subsequently analyzed by gas chroma-

tography–mass spectrometry (GC-MS). Samples 

were analyzed on an Agilent 6890 instrument with 

autosampler connected to a 5973 mass selective 

detector. The samples were separated using a DB5-

ms capillary column (50 m × 0.2 mm × 0.33 μm, 

J&W Scientific) using a flow rate of 0.7 mL/min of 

ultra-high purity helium. The column initial temper-

ature was 40 °C, held for 1 min, then increased to 130 

°C at 10 °C per minute, then increased at 2 °C per 

minute until 200 °C, then finally at 15 °C per min-

ute to 280 °C. The inlet temperature and transfer line 

were set at 250 °C, and the mass spectrometer was 

set to record between 40 and 250 amu.

All compounds measured were confirmed with external 

standards and quantified by calibrating the instrument 

using the internal standard method using the Agilent 

Enhanced Chemstation software (version D.01.02.16). 

�e instrument was calibrated against standard concen-

trations ranging from 0.1 to 100 μg/mL of the pure com-

pounds relative to the internal standard benzofuranone 

(10 μg/mL).
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Statistics

�e number of samples in this study was too small to 

assume normality of the data and therefore we used 

non-parametric tests for the statistical analyses, with the 

exception of paired analysis with missing data. �e name 

of the test used for an analysis is mentioned in the text, 

immediately after a P value is reported. Dunn’s post hoc 

test was always used for pairwise comparisons after the 

Kruskal-Wallis and Friedman test. All P values reported 

from Dunn’s post hoc test are corrected for multiple 

comparisons. All analyses were done using GraphPad 

Prism version 9. Color schemes were selected using 

ColorBrewer (v2.0).

Supplementary Information
The online version contains supplementary material available at https:// doi. 

org/ 10. 1186/ s12915- 022- 01369-1.

Additional �le 1. Figures S1–S14.

Additional �le 2. Video ethogram showing behavior of domestic cats in 

response to cat-attracting plants and single compounds. Four recordings 

are shown for each behavior. Figshare https:// doi. org/ 10. 6084/ m9. figsh are. 

19312 481. v1.

Additional �le 3. Video of cats A, H, N, O, V and Z responding to catnip. 

One representative response is shown for each cat. Figshare https:// doi. 

org/ 10. 6084/ m9. figsh are. 19312 484. v1.

Additional �le 4. DNA barcoding sequence of cox1 from Pseudas-

phondylia matatabi, and sequences of matK, rbcL, and psbA – trnH from 

Actinidia and Lonicera species.

Additional �le 5. This file contains the raw data from the plant, single 

compound, and habituation / dishabituation experiments, as well as the 

BORIS analyses (plants and single compounds).

Acknowledgements

We are grateful to Yolanda Villarreal Acosta (The University of Texas at San 

Antonio) for guidance on establishing an institutional animal care and 

use committee. We gratefully acknowledge Naoki Yamanaka (University of 

California, Riverside) for translating scientific literature written in Japa-

nese, Junichi Yukawa for helping obtain photographs of Pseudasphondylia 

species, and Zita Peterlin for editing the manuscript. We thank Dave Algar 

(Government of Western Australia, Department of Biodiversity, Conserva-

tion and Attractions) for providing lyophilized Acalypha indica roots. We 

also thank Frances Mae Tenorio and Maria Brink for help with the analysis of 

the cat behavior.

Authors’ contributions

SB conceived, designed, and coordinated the study, performed experiments, 

collected and analyzed data in GraphPad Prism and BORIS, and wrote the 

manuscript. AS synthesized the single compounds, extracted and performed 

chemical analysis of the samples, created Fig. 13, Additional file 1: Figure S13, 

and edited the manuscript. EMB assisted with experiments, created Additional 

file 1: Figures S3 and S7, and edited the manuscript. GRF extracted and 

performed chemical analysis of the samples, analyzed the data, and edited the 

manuscript. All authors read and approved the final manuscript.

Funding

The authors received no financial support for the research or authorship of 

this article.

Availability of data and materials

The datasets supporting the conclusions of this article are included within the 

article and its additional files.

Declarations

Ethics approval and consent to participate

No cats were hurt or distressed for this study, nor were they ever forced to act, 

respond, or behave in any way. All research with cats was non-invasive and did 

not involve pharmacological, medical, or surgical intervention. All participat-

ing cats were adopted and are permanent residents of Cowboy Cat Ranch, 

living together with authors SB and EMB. The study protocols 201708130001 

and 201811290002 were approved by the Cowboy Cat Ranch Institutional 

Animal Care and Use Committee (IACUC). Cowboy Cat Ranch was registered 

with the USDA as a research facility (registration number 74-R-0224, ID no. 

502147) during the time of the study (2018 – 2020). The research facility and 

the cats were inspected annually by the Cowboy Cat Ranch IACUC and the 

USDA Animal and Plant Health Inspection Service.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1 Cowboy Cat Ranch, Mico, TX, USA. 2 School of Molecular Sciences, University 

of Western Australia, Crawley, Western Australia 6009, Australia. 

Received: 11 March 2022   Accepted: 6 July 2022

References

 1. Bol S, Caspers J, Buckingham L, Anderson-Shelton GD, Ridgway C, Buff-

ington CA, et al. Responsiveness of cats (Felidae) to silver vine (Actinidia 

polygama), Tatarian honeysuckle (Lonicera tatarica), valerian (Valeriana 

officinalis) and catnip (Nepeta cataria). BMC Vet Res. 2017;13(1):70.

 2. Todd NB. The catnip response. Doctoral dissertation: Harvard University; 1963.

 3. Ray J. Catalogus plantarum circa Cantabrigiam nascentium. Cantabrigia; 1660.

 4. Salmon W. Botanologia. The English herbal: or, history of plants. London; 1710.

 5. Beran F, Köllner TG, Gershenzon J, Tholl D. Chemical convergence 

between plants and insects: biosynthetic origins and functions of com-

mon secondary metabolites. New Phytol. 2019;223(1):52–67.

 6. Eisner T. Catnip: Its raison d’être. Science. 1964;146(3649):1318–20.

 7. Ho HY, Chow YS. Chemical identification of defensive secretion of stick 

insect, Megacrania tsudai Shiraki. J Chem Ecol. 1993;19(1):39–46.

 8. Kanehisa K, Tsumuki H, Kawazu K. Actinidine secreting rove beetles 

(Coleoptera: staphylinidae). Appl Entomol Zool. 1994;29(2):245–51.

 9. Ebrahim SA, Dweck HK, Stökl J, Hofferberth JE, Trona F, Weniger K, et al. 

Drosophila avoids parasitoids by sensing their semiochemicals via a 

dedicated olfactory circuit. PLoS Biol. 2015;13(12):e1002318.

 10. Stökl J, Hofferberth J, Pritschet M, Brummer M, Ruther J. Stereoselective chemi-

cal defense in the Drosophila parasitoid Leptopilina heterotoma is mediated by 

(-)-iridomyrmecin and (+)-isoiridomyrmecin. J Chem Ecol. 2012;38(4):331–9.

 11. Welzel KF, Lee SH, Dossey AT, Chauhan KR, Choe DH. Verification of Argen-

tine ant defensive compounds and their behavioral effects on heterospe-

cific competitors and conspecific nestmates. Sci Rep. 2018;8(1):1477.

 12. Melo N, Capek M, Arenas OM, Afify A, Yilmaz A, Potter CJ, et al. The irritant 

receptor TRPA1 mediates the mosquito repellent effect of catnip. Curr 

Biol. 2021;31(9):1988–94.e5.

 13. McElvain SM, Bright RD, Johnson PR. The constituents of the volatile oil 

of catnip. I. Nepetalic acid, nepetalactone and related compounds. J Am 

Chem Soc. 1941;63(6):1558–63.

 14. Sakan T, Fujino A, Murai F, Butsugan Y, Suzui A. On the structure actinidine 

and matatabilactone, the effect components of Actinidia polygama. Bull 

Chem Soc Jpn. 1959;32:315–6.

 15. Sakan T, Fujino A, Murai F. Chemical components in matatabi. I. The 

isolation of the physiologically active principles, matatabilactone and 

actinidine. Nippon Kagaku Zassi. 1960;81:1320–4.

 16. Sakan T, Isoe S, Hyeon SB, Katsumura R, Maeda T, Wolinsky J, et al. The 

exact nature of matatabilactone and the terpenes of Nepeta cataria. 

Tetrahedron Lett. 1965;6(46):4097–102.

Bol et al. BMC Biology           (2022) 20:192 

https://doi.org/10.1186/s12915-022-01369-1
https://doi.org/10.1186/s12915-022-01369-1
https://doi.org/10.6084/m9.figshare.19312481.v1
https://doi.org/10.6084/m9.figshare.19312481.v1
https://doi.org/10.6084/m9.figshare.19312484.v1
https://doi.org/10.6084/m9.figshare.19312484.v1


Page 38 of 38

•

 

fast, convenient online submission

 
•

  

thorough peer review by experienced researchers in your field

• 

 

rapid publication on acceptance

• 

 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research   ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 17. Johnson RD, Waller GR. Isolation of actinidine from Valeriana officinalis. 

Phytochemistry. 1971;10(12):3334–5.

 18. Scaffidi A, Algar D, Bohman B, Ghisalberti EL, Flematti G. Identification of 

the cat attractants isodihydronepetalactone and isoiridomyrmecin from 

Acalypha indica. Aust J Chem. 2016;69:169–73.

 19. Nelson DL. Methylcyclopentane monoterpenes of Nepeta cataria and 

Actinidia polygama. Doctoral dissertation: Purdue University; 1968.

 20. Uenoyama R, Miyazaki T, Hurst JL, Beynon RJ, Adachi M, Murooka T, 

et al. The characteristic response of domestic cats to plant iridoids 

allows them to gain chemical defense against mosquitoes. Sci Adv. 

2021;7(4):eabd9135.

 21. Todd NB. Inheritance of the catnip response in domestic cats. J Hered. 

1962;53:54–6.

 22. Hill JO, Pavlik EJ, Smith GL III, Burghardt GM, Coulson PB. Species-char-

acteristic responses to catnip by undomesticated felids. J Chem Ecol. 

1976;2(2):239–53.

 23. Palen GF, Goddard GV. Catnip and oestrous behaviour in the cat. Anim 

Behav. 1966;14(2):372–7.

 24. Sakan T, Isoe S, Hyeon SB. The structure of actinidiolide, dihydroactinidi-

olide and actinidol. Tetrahedron Lett. 1967;17:1623–7.

 25. Sakan T, Murai F, Isoe S, Hyeon SB, Hayashi Y. The biologically active 

C9-, C10-, and C11-terpenes from Actinidia polygama Miq., Boschnia-

kia rossica Hult, and Menyanthes trifoliata L. Nippon Kagaku Zassi. 

1969;90:507–28.

 26. Tucker AO, Tucker SS. Catnip and the catnip response. Econ Bot. 

1988;42(2):214–31.

 27. Starkenmann C, Niclass Y, Cayeux I, Brauchli R, Gagnon AC. Odorant vola-

tile sulfur compounds in cat urine: occurrence of (+/-)-3,7-dimethyloct-

3-sulfanyl-6-en-1-ol and its cysteine conjugate precursor. Flavour Fragr J. 

2015;30(1):91–100.

 28. Miyazaki M, Miyazaki T, Nishimura T, Hojo W, Yamashita T. The chemical 

basis of species, sex, and individual recognition using feces in the domes-

tic cat. J Chem Ecol. 2018;44(4):364–73.

 29. Uetake K, Abumi T, Suzuki T, Hisamatsu S, Fukuda M. Volatile faecal com-

ponents related to sex and age in domestic cats (Felis catus). J Appl Anim 

Res. 2018;46(1):766–70.

 30. Nangia A, Prasuna G, Bheema RP. Synthesis of cyclopenta[c]pyran skel-

eton. Tetrahedron. 1997;53(43):14507–45.

 31. McLean S, Nichols DS, Davies NW. Volatile scent chemicals in the urine of 

the red fox, Vulpes vulpes. PLoS One. 2021;16(3):e0248961.

 32. Albone ES. Dihydroactinidiolide in the supracaudal scent gland secretion 

of the red fox. Nature. 1975;256(5518):575.

 33. McLean S, Davies NW, Nichols DS. Lipids of the tail gland, body and muz-

zle fur of the red fox, Vulpes vulpes. Lipids. 2017;52(7):599–617.

 34. Formisano C, Rigano D, Senatore F. Chemical constituents and biological 

activities of Nepeta species. Chem Biodivers. 2011;8(10):1783–818.

 35. Regnier FE, Waller GR, Eisenbraun EJ. Studies on the composition of the 

essential oils of three Nepeta species. Phytochemistry. 1967;6:1281–9.

 36. Bicchi C, Mashaly M, Sandra P. Constituents of essential oil of Nepeta 

nepetella. Planta Med. 1984;50(1):96–8.

 37. Eisenbraun EJ, Browne CE, Irvin-Willis RL, McGurk DJ, Eliel EL, Harris 

DL. Structure and stereochemistry of 4aβ,7α,7aβ-nepetaIactone from 

Nepeta mussini and its relationship to the 4aα,7α,7aα- and 4aα,7α,7aβ-

nepetalactones from N. cataria. J Organomet Chem. 1980;45:3811–4.

 38. Thomas P, Balme G, Hunter L, McCabe-Parodi J. Using scent attractants 

to non-invasively collect hair samples from cheetahs, leopards and lions. 

Anim Keepers’ Forum. 2005;32(7/8):342–8.

 39. Endallew SA, Dagne E. Isolation, characterization and quantification of 

civetone from civet musk. Chem Sci J. 2020;11(1):1000204.

 40. Waller GR, Price GH, Mitchell ED. Feline attractant, cis,trans-nepetalactone: 

metabolism in the domestic cat. Science. 1969;164(3885):1281–2.

 41. Keesey IW, Jiang N, Weißflog J, Winz R, Svatoš A, Wang CZ, et al. Plant-

based natural product chemistry for integrated pest management of 

Drosophila suzukii. J Chem Ecol. 2019;45(7):626–37.

 42. Wolinsky J, Gibson T, Chan D, Wolf H. Stereospecific syntheses of iridomyr-

mecin and related iridolactones. Tetrahedron. 1965;21(5):1247–61.

 43. Katahira K, Iwai E. Effect of unilateral lesion of amygdala on unmanifested 

response to matatabi (Actinidia polygama) in cats. Tohoku J Exp Med. 

1975;115(2):137–43.

 44. Meinwald J, Jones TH, Eisner T, Hicks K. New methylcyclopentanoid 

terpenes from the larval defensive secretion of a chrysomelid beetle 

(Plagiodera versicolora). Proc Natl Acad Sci U S A. 1977;74(6):2189–93.

 45. Blum MS, Wallace JB, Duffield RM, Brand JM, Fales HM, Sokoloski EA. 

Chrysomelidial in the defensive secretion of the leaf beetle Gastrophysa 

cyanea Melsheimer. J Chem Ecol. 1978;4(1):47–53.

 46. Beckett JS, Beckett JD, Hofferberth JE. A divergent approach to the 

diastereoselective synthesis of several ant-associated iridoids. Org Lett. 

2010;12(7):1408–11.

 47. Enders D, Kaiser A. A short asymmetric synthesis of (-)-neonepetalactone. 

Heterocycles. 1997;46:631–5.

 48. Stepanov AV, Veselovsky VV. Stereocontrolled synthesis of (+)- and 

(−)-iridomyrmecin from citronellene enantiomers. Russ Chem Bull. 

1997;46:1606–10.

 49. Friard O, Gamba M. BORIS: a free, versatile open-source event-logging 

software for video/audio coding and live observations. Methods Ecol 

Evol. 2016;7(11):1325–30.

 50. Weihong B, Dawei L, Xinwei L. DNA barcoding of Actinidia (Actinidiaceae) 

using internal transcribed spacer, matK, rbcL and trnH-psbA, and its 

taxonomic implication. N Z J Bot. 2018;56(4):360–71.

 51. Sun Z, Gao T, Yao H, Shi L, Zhu Y, Chen S. Identification of Lonicera japonica 

and its related species using the DNA barcoding method. Planta Med. 

2011;77(3):301–6.

 52. Notredame C, Higgins DG, Heringa J. T-Coffee: a novel method 

for fast and accurate multiple sequence alignment. J Mol Biol. 

2000;302(1):205–17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

Bol et al. BMC Biology           (2022) 20:192 


	Behavioral differences among domestic cats in the response to cat-attracting plants and their volatile compounds reveal a potential distinct mechanism of action for actinidine
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	The duration of the response to cat-attracting plants differs between cats
	The degree of attraction to cat-attracting plants differs between cats
	The “catnip response” is different between cats, but comparable among various cat-attracting plants
	Response duration to cat-attracting plants decreases with repeated exposure
	Cat-attracting compounds in A. polygama are not exclusively produced in response to the parasitic attack of the gall midge P. matatabi
	Active compounds in plants can be extracted using ethanol
	Domestic cats respond to all iridoids, including dihydroactinidiolide, but response to actinidine is rare
	The degree of attraction to the single compounds differs between cats
	Behavioral response to actinidine is different from responses to lactones and cat-attracting plants
	Behavioral response to dihydroactinidiolide is similar to behavior in response to lactones
	Stability of the single compounds
	Any cat-attracting property of (pepper) mint is not caused by structural resemblance of the active compound(s) to molecules like nepetalactone
	Fragrances
	Cat-attracting plants contain a wide array of nepetalactone-like molecules

	Discussion
	Conclusions
	Methods
	Study population
	Study environment
	Plants
	Single compounds
	Testing procedures
	Plants
	Single compounds

	Behavioral analysis
	Habituation  dishabituation testing
	Detection of Pseudasphondylia matatabi in A. polygama fruit galls
	DNA barcoding of plants
	Tinctures
	Fragrances
	Chemical analysis of cat-attracting compounds
	Statistics

	Acknowledgements
	References


