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Synopsis Neural input is crit ica l for esta blishin g behavio ral ou tpu t, bu t un derstan ding h ow n euromuscu lar sig na ls g ive rise 
t o behavior s remains a c ha l len g e . In squid , loco motio n through jet p ropulsio n un der lies ma ny k ey behaviors, a nd the jet is 
me diate d by two p ara l le l n eura l p at hways, t he gia nt a n d n o n-giant axo n syst ems. Muc h work h a s been do ne o n the impact o f 
these tw o system s on j et kinemat ics, such as mantle muscle cont ract io n and p res s ure-derive d j et spe e d at t he f unn e l aperture. 
How ev er, little is known about any influence these neural pathways may have on the hydrodynamics of the jet after it leaves the 
squid a nd tra nsf ers m om entum to th e surroun ding fluid for the animal to swim. To gain a mo re co mp re h en siv e view of squid jet 
pro p ul sion, we m ade simu ltane ou s mea surements of neura l act iv it y, pres s ure inside the mantle c av it y, a nd wak e structure. By 
co mpu t ing impu lse and time-av erag ed forces from the wake structures of jets associated with giant or non-giant axon activ it y, 
we s h ow t hat t h e influen ce of n eura l p athways on j et kinemat ics cou ld ext end t o hydrodyn amic impul se a nd f o rce p rod uctio n. 
Spe cifica l ly, the g iant axon system produce d j ets with, on av erag e , great er impul se m agnitude th an those of th e n on-giant system. 
How ev er, non-gian t im p ulse co uld exceed that of the gi ant system, ev ident by the g rade d ran g e o f i ts ou tpu t in co ntrast to the 
stere otype d nature of the giant sys tem. Our res ults s ugges t t hat t h e n o n-giant system o ffers flexib ili t y in hydrody namic o utp ut, 
whi le re cruit ment of g iant axon act iv it y c an prov ide a reli able b o ost wh en n ecessary. 
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Introduction 

Key co mpo nents o f animal loco motio n are th e m otor
patter ns t hat give r i se to coordin a ted m uscular out-
put and behavior. In squids, two p ara l le l m otor path-
ways, the gia nt a nd non-gia nt ax on system s, un der lie
jet pro p ulsion by mediating co ntractio ns o f the squid’s
mu scular m antle ( Fig. 1 ; Young 1938 ). These two path-
ways ar e r espo nsible fo r magni tudes and rates of mantle
cont ract ion, t hus offer ing t he ba si s f or a va riety of lo-
co moto r behavio rs ( O t is and Gi l ly 1990 ). Be cause the
spe e d of the jet exiting the funn e l is p ropo rtio nal to
the square of the pres s ure inside the mantle, the mag-
ni tude o f a mantle co nt ract ion ca n a ffe ct exit j et veloc-
ity and u lt imate ly th e squid’s swimming spe e d ( O’ D or
1988 ). A sing le ac t ion potent ia l t rav elin g alon g the giant
axon system h a s long been known to elicit a st rong, a l l-
o r-no ne muscle t w i tch o f circular musc le fiber s in the
squid’s mantle to p rod uce a power f u l j et ( Young 1938 ;
A dvance A ccess pu blication Jun e 28, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
Packard 1969 ). In con trast, n um erous n o n-giant axo ns
are t ypic a l l y invo l ve d in wea ker, g rade d man tle con trac-
tio ns, bu t repeti tive sign al s from th e n on-giant system
can summat e t o p rod uce mantle t w it c h es an d resultant
j ets comp ara ble to or ex ce e ding t hose of t he giant sys-
tem act ing a lone ( O t is and Gi l ly 1990 ; Gi l ly et a l. 1996 ).
Furt her more, t he two neural pathways can act in con-
cert to give rise to a ran g e of jet magnitudes and laten-
cies ( O t is and Gi l ly 1990 ), t hus br in gin g grea t in t erest t o
un derstan ding th e coo rdinatio n o f t hese two pat hways
in sw imming . 

Once a jet leaves the mantle, its interactions with
t he sur rounding se awa ter can influence im pulse and
fo rce p rod uctio n, a s well a s pro p ulsive efficiency. Such
hydrodyn amic ch aracteri stics of squid jets have been
studie d in mu lt iple spe cies a nd at different lif e s ta ges
( An derson an d DeMont 2000 ; Bart ol et al . 2001 , 2008 ,
2009a , 2009b , 2016 ; An derson an d Grosenbaugh 2005 ).
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Fig. 1 Squid anatomy is inv olv ed in locomotion. Neural impulses from the brain (dashed ar ro w) control the mantle muscle through 
innervation by the stellar nerves (solid black lines), which are comprised of parallel pathways of giant and non-giant axons. By contracting 
the mantle muscle, squid produce pulsed jets directed through a maneuverable funnel, thus allowing them to swim in a variety of 
directions, including tail-first and arms-first swimming. 
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y cont ract ing t he mant le musc le , squid can p rod uce
n impulsive jet in the form of a vortex ring, a cent ra l
ydrodyna mic f eature o f b iolog ica l pro p ulsion. Vortex
ings of jets generated me chanica l ly using a p isto n in-
ide a cylinder c an pl ay a critic al role for m om entum
ra nsf er a n d possi ble thrust augm entation by acceler-
 ting ambien t fluid through added and ent raine d m a ss
 Krueger and G h arib 2003 , 2005 ). 

Vortex ring structures give rise to two p rinci p a l hy-
ro dynamic mo des b ase d on genera l p atterns of j et
a ke st r uctures ( Bar tol et al. 2008 , 2009b ). Jets of mode
 feature an isolated v ortex rin g with higher pro p ul-
ive efficiency than longer jets, and such jets are of-
 en associat ed w ith slow sw imming . Th ose of m ode
 invo l ve a leading vortex ring th at h a s pin ch ed off
rom a long t rai ling j et and p rod uce greater fo rce than

ode 1 j ets, usua l ly at faster swimming spe e ds ( Bartol et
l. 2008 , 2009b ). How ev er, in termedia te structures and
o re co mplex wa kes fa l ling ou tside o f these catego ries

av e been rev ealed usin g 3D v isu a lizing te chniques able
o capture features that are not fu l l y reso l ved in the laser
lane of t radit iona l 2D m eth o ds ( B art ol et al . 2016 ). 

Desp i te the significant amount of r esear ch effort
 o under st and t he m any a sp ects of squid lo co motio n,
aining a co mp re h ensive view from neural mech ani sms
o muscula r a nd hydrodyna mic o utp ut h a s rem ained a
ha l len g e. To a l lev i ate some log ist ica l hurd les, studies
n other anim al s h ave t ypic a l ly co mb ined insights fro m
xperim ents con ducte d sep arately on neuromuscular
ech ani sm s and swimmin g hy drodyna mics. For exa m-

le , separat e electrom yograph y and wake v isu alization
xper iments sug gest t hat tr out r educe muscle r ecruit-
ent to ado p t ener gy-savin g gaits dependin g on the

ow sur rounding t hem ( L iao et al. 2003 ). In m oon je lly-
s h, separate n euromuscu lar st imu lat ion and wake vi-
ua lizat ion experiments va lid ate fluid dy namic m ode ls
 h owing e la stic wave reson an ce in a flexi ble-b o die d j et-
ropel le d swimmer ( Hoover et al. 2021 ). Avoiding the
ha l len g es of liv e anim al s, n umerical sim ula tio ns o f re-
u ltant wa ke st ructures forme d from act ivat ing different
euromuscu lar p athways in j el lyfish h av e rev ea le d the
oles of p acema k er neurons a nd tis s ue elas ticity in jet
ro p ulsion ( Hoover et al. 2017 ). How ev er, dire ct simu l-
an eous m easurem ents of motor neuron activ it y, mus-
ula r response, a n d be havio ral ou tpu t can offer insights
nt o the diver si ty o f loco moto r behavio rs tha t migh t re-

ain undet ect ed through in depen dent m easurem ents.
uch studies re lating n eural activ it y to hydrodynamic
 utp ut of j ett ing squid have not yet been report ed . 

Here, we co mb ine i n viv o r ecor dings of neura l act iv-
ty and pres s ure inside t he mant le c av it y w ith defocus-
ng dig ita l p art icle t rackin g v e locim etry (D D PTV ) to v i-
ua lize 3D wa ke st ructure of j ets fro m b rief sq uid ( Lo l-
 igu ncula bre vi s ) and provide the first concurrent obser-
ations across n eural, kin ematic, an d hydrodynamic as-
ects of the squid jet. In aiming to reveal h ow th e giant
n d n o n-giant axo n systems influence jet hydrodynam-
cs, we find that the roles played by each neural pathway
n s haping kin ematic e lem ents li ke j et exit spe e d at the
unn e l aperture an d man tle m usc le mec hanics also ap-
 l y to the jet’s impulse and force production. 

ethods 

e documented simu ltane ous pres s ure inside the man-
le c av it y, en pass ant ext racel lu lar stel lar-nerve act iv it y,
 nd wak e structure of jets p rod uced by tethered L. bre vi s
5.9–7.0 cm dorsal mantle length [DML], N = 3). 

nimals 

d ul t L. bre vi s were col le cte d by otter t rawl ne ar t he
ir ginia In sti tu te o f Marine Science’s East ern S hore Lab

n Wac hapreague , VA, USA, in Oct ober 2017. During
ransport to the Aqu atic Facilit y at Old Dominion Uni-
ersity (ODU) in Norfolk, VA, USA, all captured ani-
 al s were kept in a 114 L circular holding tank (Angle
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Liv ew el ls, Aquat ic E cosystems, Inc., Apopka, FL, USA)
fitted wi th a b attery-powere d aerator (Model B-3, Ma-
r ine Met a l Products Co., Inc., C learwater, FL, USA). At
O DU, a nim al s were h e ld in aerate d 1700-L re circu lat-
ing seawater systems with biolog ica l and me chanica l
filt rat ion. Seawater in the transport and holding tanks
wa s m a inta ined at temperatures of 19–22 

◦C and salin-
i ties o f 29–32 ‰, similar to values at collection sites. A
modera te curren t flow was presen t in th e h olding tanks,
and squid were fed live grass shrimp ( Pala em on e tes pu-
gi o ) an d mummich ogs ( Fu nd ul us heterocl itos ) ( Hanlon
1990 ). All squid were kept in holding ta nks f or at least
48 h p rio r to experimen ta tio n, and o nly anim al s th a t a p-
pe ared he alt hy and active were sele cte d for this study. 

Electrophysiolo gical recor dings 

We measured pres s ure inside the mantle c av it y and en
p assant extrace ll ular reco r dings fr om the stellar nerve
during j ett ing as describe d previously ( O t is and Gi l ly
1990 ; Neumeister et al. 2000 ; Li and Gi l ly 2019 ). Squid
were an esth et ize d in 1.8% MgCl 2 in aera ted seawa ter for
3 min unt i l minima l response to physical t ouc h was ob-
s erved. The s quid were then place d vent ra l-side down
on a piece of paper towel on the bottom of the sur g ery
dish fil le d wit h se awat er t o prevent the suc ker s on the
squid’s arms from attac hing t o th e dis h, an d a 5 × 5
mm plug of dorsal mantle tis s ue was surg ica l ly remove d
over the lat eral , post erio r regio n o f th e ste llate gan-
glion. Sur g ery did not last more than 4 min, and ani-
m al s fully r ecover ed in aerated seawater within 30 min
of sur g ery. Alth ough som e seawater exited through the
sur g ery aperture durin g jets, i t was p r esent thr o ugho ut
a l l experiments in a l l anima ls t est ed , so our data do not
in clude th e effects of this aperture. 

After r ecovery fr om sur g ery, squid w ere again ex-
posed to 1.8% MgCl 2 in aera ted seawa ter for 2 min to
re lax specim ens before teth erin g. Based on esta blis h ed
m eth ods, squid wer e r est raine d by affixing the mid-
line of the dorsal mantle surface to an acrylic su ppo rt-
ing platform with cyanoacrylate cement ( O t is and Gi l ly
1990 ). The platform wa s su spended in the exper iment al
tank (50 × 25 × 32 cm), and the squid could still con-
tract its mantle and p rod uce jets no rma l ly under ne at h
t he platfor m but remain st ationary. Tet her ing a l lowe d
a ttachmen t of the instrumen ta tion to r ecor d neural ac-
tiv it y and pres s ure inside the mantle c av it y. 

Pres s ure recordin gs w ere m ade ba sed on establi s h ed
m eth ods ( O t is and Gi l ly 1990 ) using a pres s ure trans-
d ucer (40PC006G, Ho n eywe ll, Mor r is Plains, NJ, USA)
coupled to a syrin g e needle (20 gauge) filled with min-
era l oi l and inserte d t hrough t he mid-poster io r o f the
dors al mant le into t he mant le c av it y. The v oltag e out-
pu t o f the p res s ure transducer was calibrat ed t o known
pres s ure values provided by a pres s ure inj e ctor (Me d-
ical Systems Co rpo ratio n, Ha rva rd Appa ratu s, Holli s-
ton, MA, USA). 

Co nventio nal extracell ular reco rdings o f nerve activ-
ity were made using a po l ypropy lene suc t ion ele ct rode
(A g: A gCl wir es) th at wa s inserted t hrough t h e h ole over
the ganglion and attac hed t o the second-hindmost stel-
lar nerve within 5 mm of its emer g ence from the stel-
late ganglion. Neural sign al s were sent through an AC-
coup led amp lifier (D P-301, Wa rn er Instrum ent Corp.,
Hamden, CT, USA) tha t a pplie d low-p ass (3 kHz) and
high-pass (0.1 Hz) filtering and an am plifica tio n o f
1000. 

Pres s ure an d n eura l re cordin gs w ere simu ltane ously
sam pled a t 10 kHz by a dig ita l-to-ana log converter
(DAQ) interface (NI US B-6341, Natio nal Instruments,
Au stin, TX, USA) u sing commerci ally avail able soft-
ware (LabVIEW Sig na lE xpress, Nat iona l Inst ruments).
Sig na ls were re corde d for 12 or 32 s, which included 2
s of r ecor ding prior to tr ig ger ing. Pres s ure recordings
were sm ooth ed using a moving avera ge s panning acros s
501 points (0.05 s) in MATLAB (version 2014b, The
MathWor ks In c., Natick, MA, USA), since this method
preserved the shape of the curve most closely. Neural
sig na ls were not smoothed for an alysi s. 

Wake visualization 

D D PTV ( Pereira et al . 2000 , 2006 ; Couc h and Krueger
2011 ) was used to v isu a lize wa ke st ructures of j ets. The
exper iment al t ank was filled with aerated seawater at
t he s ame tem pera ture and s alinity as t hat of t h e h old-
ing ta nks a nd se e de d wi th neu t ra l ly buoyant 50 μm
lig ht-reflec ti ve po l ya mide pa rticles (Da ntec Dyna mics,
S kovlunde , Denmark). A V3V-8000 prob e (T SI, Inc.,
Shore vie w, MN, USA; three 12-b i t 2048 × 2048-pixel
camera s) wa s posi tio ned in front of the experimental
tank to capture a side view of the tethered squid. A
Twin s B ri l liant B 380 mJ/pulse Nd: YAG d ual-cavi ty
l aser (Qu ant el Laser, Bo zeman, MT, USA) i l luminate d
a 14 × 14 × 10 cm region of the tank at a paired-
pulse rate of 5 Hz. The V3V-8000 probe was synchro-
nized wit h t he la ser u sing a 610,035 La serPul se genera-
to r (TS I, In c.), an d p aire d D D PTV imag es ( �t = 2 m s
between an image pair) of the squid’s jets were captured
at 5 Hz. 

We used INS I GHT 4G V3V so ftware (TS I, Inc.)
to identify 3D particle locations and c alcul ate parti-
cle displacements by following establis h ed protocols
( Pereira et al. 2000 ; Troolin and Longmire 2010 ). Over-
a l l, 80,000–100,000 p art icles were ident ifie d in each im-
age, and 40,000–55,000 p art icles among a l l thre e cam-
eras were mat c hed t o for m tr iplets (50–55% of identi-
fie d p art icles). To t rack p art icles betwe en each image
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 air, we use d th e re laxation m eth od , an it erat ive t rack-
ng m eth od t hat se a rches f or th e m os t pro b able lin k
etwe en p art icles across two fra mes, ava ilable in IN-
 I GHT 4G V3V so ftware d ue to i ts mo r e accurate r e-
ults at low and high particle displacements and higher
o bus tnes s and efficiency t han ne arest neighbor or neu-
al n etwor k tracking m eth ods ( Pereira et al. 2006 ). We
btained 11,000–12,000 partic le vect or s in the final

magin g v olum e (114 × 136 × 96 mm), an d a m edian
lter (level 6) and glob a l ran g e filt er (–0.8 t o 0.8) were
pplied to remove large, erroneous vect or s. The vect or s
ere in terpola ted on to a st ructure d g rid using a Gaus-

ian w eightin g in terpola t ion avai lable in INS I GHT 4G
3V to provide data on vorticity and vortex location. A
 ox el size of 16 mm, % overlap of 99%, and a smoothing
acto r o f 1 were used fo r the Ga ussian weigh ting in ter-
olation in these experiments. 

xperimental trials 

ach animal experienced mul ti ple exper iment al tr ials
o document as many jet sequences as possible, and tri-
l s cea sed when anim al s no lon g er relia b l y p rod uced
ets. There was a rest p erio d of at least 2 min between
 ria ls. The length of an experimenta l t ria l was deter-

in ed by th e am ount of tim e th e DAQ interface was set
o r ecor d pr es s ure an d n eura l sig na ls (12 or 32 s), and
 aire d laser pu lses were fired at 5 Hz dur ing t hat time-
rame to i l luminate p art icles and v isu a lize wa kes. Be-
 ause gi ant axon jets were mos t consis tently o bserved
t the beginning of a laser firing bout, firing ceased in
he middle o f so me t ria ls and re comm en ced after a rest-
ng p erio d of dar kn ess in an a ttem pt to elicit more gi-
nt axon jets. Room lights were kept off during experi-
 ents, so th e la ser wa s the o nly source o f ligh t tha t could

t imu late the animal. No other external stimuli were ap-
lied. 

ynchronization of measurements 

n order to synchronize wake v isu alizatio n fro m the
3V probe and recordings o f p res s ure and neural ac-

iv it y, a n LED pa n e l was turned on an d th en off after
he V3V probe began capturin g imag e pairs. The i l lu-

inate d LED p an e l p ro mpted the DAQ int erface t o cap-
ure 2 s of pres s ure an d n eura l sig na ls p rio r to LED i l lu-

inatio n and u p t o 30 s aft er by a ffe ct ing a photoresis-
or in an Ar duino-contr olled cir cuit. Th e tim e at which
 he DAQ inter face init iate d the re co rding co rrespo nded
it h t he firs t ins t ance of t he i l luminate d LED p an e l in
3V im age pairs, thu s a l lowing subse quent image p airs

t a known sampling frequency to be synchronized with
 he simult aneous pres s ure and neural sign al s. 
nalysis 

ollowin g esta blis h ed proto cols ( B art ol et al . 2016 ), we
 sed in-hou se MATLAB routines to compute the spe-
ific impulse ( I ) associated with fu l ly forme d vort ica l
ows generated by squid from D D PTV data. I of a n iso-

at ed vort ex was co mpu ted fro m fol lowing e quat ion: 

I /ρ = 

1 

2 

∫ 

V 

x × ω dV , (1)

here x is the posi tio n vecto r, ω is the vo rtici ty vec-
or ( ω = ∇ × u , where u is the v elocity v ector), ρ is the
uid densi ty, an d th e integ ra l is co mpu ted ov er the v ol-
m e, V , of th e vor tex ( Saffman 1992 ). Th e 3D volum e
ur rounding t he vortex of interest was v isu a l ly deter-

in ed an d se le cte d through a MATLAB g raphica l user
nt erface . Ca re was tak en to minimize influence of mea-
urem ent n oise aroun d th e jet of interest, and the inte-
 ra l was co mpu ted over th e se le cte d volum e. Th e mag-
i tude o f I was co mpu ted as 

√ 

I 2 x + I 2 y + I 2 z , where I x , I y ,
 nd I z a re co mpo nents o f the impu lse ve ctor in the x ,
 , and z coordinate dire ct ions, respe ct i vel y. In the case
f having more than one image frame with fu l ly forme d
 et wa k es, the fra me wit h t he maxim um im pulse was se-
e cte d to r epr esen t tha t j et in subse quent ana lyses. 

Time-av erag ed force m agnitude wa s c alcul ated as
mpul se m agnitude divided by the jet cycle p erio d, T j ,
efin ed as th e cont ract ion p erio d plus refil ling p erio d.
lthough refil ling does not cont ribute g re at ly to im-
u lse generat io n, p ropulsio n fro m a jet p rod uced by the
an tle con t ract ion h a s to la st t hrough t he refil ling pe-

iod to be me aningf ul for a swimming anim al. T j wa s
eter mined by t he number of seconds from trough to
rough in the pres s ure re cording indicat ing a jet cycle
o rrespo nding to the timing of a D D PTV image pa ir.
et angle, θ , with respect to the x -axis was determined
s: 

θ = a rcta n 

(
I y /I x 

)
(2)

sing the x - and y -co mpo nents o f impulse. Wi t h t he
perture of the funn e l t reate d as the origin, a vertically
ownward j et p ara l lel wit h t he y -axis has an angle of –
0 

◦ and jet angles of 0 

◦ and –180 

◦ p ara l lel with the x -
xis are comp letel y ta il-first or a rms-firs t, res pe ct i vel y.
l l figures depict ing wa ke v isu a lizat io ns fro m D D PTV
ata wer e cr eate d using Te cplot 360 (Te cplot In c., Be lle-
ue , Washingt on, USA). All hist ogram s w er e pr oduced
n MATLAB. 

A linea r mixed-effects m ode l wa s u se d to comp are j et
n gle, cy cle p erio d, impul se m agnitude, a nd f orce mag-
i tude fo r jets ini t iate d by g iant axon act iv it y w it h t hose

nit iate d by non-giant axon activ it y. Bec ause residu als
f each jet feature were not norma l ly dist ribute d, a l l
ata were log tra nsf o rmed p rio r to an alysi s with the
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Table 1 Occurrences and percentage of total jets based on direction per neural pathway. A jet angle threshold of θ ≤ –100 ◦ was used for 
a jet aimed toward the tail-end of the squid for arms-first swimming, –100 ◦ < θ < –80 ◦ for a downwards jet, and θ ≥ –80 ◦ for a jet aimed 
toward the arms for tail-first swimming 

Direction Giant axon system ( n = 17 jets) Non-giant axon system ( n = 144 jets) 

Arms-first swimming 13 (76.5%) 102 (70.1%) 

Downwards jet 0 (0%) 16 (11.1%) 

Tail-first swimming 4 (23.5%) 26 (18.1%) 
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m ode l. Jet angle m easurem en ts were m u lt iplie d by –1
to p rod uce e quiva lent posit ive va lues for the log trans-
fo rmatio n. Accounting fo r repe ated me asures and un-
e qua l sample size between the two neural pathways,
th e m ode l t reate d neura l type as the pre dic tor, w hereas
the identity of indiv idu al l as er-firing e vents and each
bou t o f laser fir ing af ter dar kn ess were ran dom effects.
Deg re es of fre e dom were a pproxima ted by Satterth-
waite’s m eth o d to minimize Typ e 1 error ( Luke 2017 ),
and P -va lues (sig nifican ce thres h old of P < 0.05) were
co mpu ted fro m t -val ues ou tpu t fro m th e lin ear mixed-
effects m ode l. 

Results 

Wake structures in tethered squid 

A total of 161 jets from 3 indiv idu al squid were consid-
ered for this study based on the criteria of neural sign al s
and pres s ure meas urements being of satisfactory qu alit y
a nd wak e structures appea ring to be fu l ly develope d. Of
these jets, 144 were associ ated w i th o nly no n-giant axo n
activ it y and 17 with only giant axon activ it y. The ma-
jo ri ty o f jets fro m both neura l p athways wer e dir e cte d
toward the tail-end for arms-first swimming ( Table 1 ).
Represen ta tive exam ples of jets driven by giant axon
an d n on-g iant act iv it y are s h own in Figs. 2 and 3 , re-
spe ct i vel y. Three of these examples depict arms-first jets
( Figs. 2 B, C, and 3 C), an d on e s h o ws a do wnwards jet
( Fig. 3 B). 

Nearly a l l j ets were pu lses s h ort in length b ase d
on the asso ciated velo ci ty vecto r fields ( Figs. 2 Bi , Ci ,
a nd 3 Bi) a nd velocity m agnitude i sosurface depictions
( Figs. 2 Bii , Cii , a nd 3 Bii). A k ey signifier of a s h ort pulse
was the presence of a single 3D vortex ring s h own in the
vo rtici ty magni tude isosurface plots ( Figs. 2 Biii, 2 Ciii,
and 3 Biii). 

Some jets exhib i t ed c haract eristics of possib l y be-
ing more in termedia te in lengt h, wit h a pulse followed
by a sma l l t rai ling st ructure ( Figs. 3 Ci and Cii). In
thes e cas es, a leadin g-edg e v ortex rin g ( Fig . 3 Ciii, c aret)
fol lowe d by a t rai lin g v ort ica l st ructure ( Fig. 3 Ciii,
bracket) was present. We did not detect any elongated
wa ke st ructures that exce e de d t hose of t he inter medi-
ate length jets. Vortex rings were present in a l l ana lyze d
wak es, a n d th e y s om etim es appeared as int erconnect ed
ring s tructures, es pecially if jets were p rod uced in quick
s ucces sion (not shown). 

Recruitment of giant vs. non-giant axons 

The la ser wa s turn ed on an d o ff mul ti ple times wi thin a
t ria l. Be cause st robe flas h es can in d uce giant-axo n me-
di ate esc ape jets in an oth er Loliginid squid ( Otis and
Gi l ly 1990 ), j ets were a l so an a lyze d b ase d on elapse d
time after the init iat ion of laser firing to reveal which
j ets were associate d with g iant vs. non-g iant neura l ac-
tiv it y. More than 60% of jets driven by giant ax on s oc-
curred at the very beginning of laser fir ing, where as
j ets associate d on ly wi th no n-giant axo ns genera l ly oc-
curred a few seconds into a laser firing bout and became
mor e fr e quent as t im e e l apsed ( Fig . 4 ). 

Comparison of jet characteristics and bulk 

properties between neural pathways 

Jets were c haract erized by a ngle ( θ) a nd cycle p erio d
( T j ), as described in the methods. Jet angle was not sig-
nifica ntly different f or jets driven by g iant vs. non-g iant
ax on s ( P = 0.874, Fig. 5 A, Table 2 ), nor was jet cycle pe-
riod ( P = 0.246, Fig. 5 B, Tab le 2 ). B u l k propert ies of the
3D j et wa ke a l lowe d for ca lcu lat io n o f tri axi al impulse
a nd f o rce. Co mpu ted fro m th e x -, y -, an d z -co mpo nents
of the wake’s impulse, the difference in impulse magni-
tude between the two neural pathways was near signif-
icant ( P = 0.055, Fig. 6 A, Table 2 ). Jets associated with
the giant axon syst em had , on av erag e , a great er impulse
m agnitude th an those of the non-gi ant system. Div id-
ing impul se m agnitude by jet cycle p erio d to co mpu te
fo rce magni tude, we foun d n o differen ce between th e
two neural pathways ( P = 0.157, Fig. 6 B, Table 2 ). 

Discussion 

Jets elicited with laser as a stimulus 

G iant ax on jets w er e infr e quent (10.6% of a l l ana lyze d
jets) and disp ropo rtio nately occurred at the onset of
laser firin g ( Ta ble 1 and Fig. 4 ). Though jets can be
elicited by s e veral stimuli, only a s tro be flash reliab l y
elicits jets init iate d by the giant axon system in lab set-
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Fig. 2 Repr esentativ e example of (Ai) neural, (Aii) pr essur e, and (B, C) DDPTV images of wake structure data from an arms-first jet 
associated with giant axon activity. (A) Black dots signify times at which frames w er e captur ed for wake structur e data, with frames at 4.4 
and 4.6 s shown in panels B and C, r espectiv ely. (Ai) Giant axon activity is characterized by a large spike immediately preceding mantle 
contraction with minimal subsequent neural activity, and (Aii) the resultant pressure inside the mantle cavity peaks quickly. (Bi, Ci) Velocity 
contour slices and (Bii, Cii) velocity magnitude isosurfaces depict a jet characterized by a short pulse of water. The vorticity of this jet 
appears as an isolated vortex ring, as illustrated by Biii and Ciii, showing the vorticity magnitude isosurface. In this example, both frames 
exhibited fully developed wakes for the same jet, so the frame associated with maximum impulse would be used for subsequent analyses. 
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 ings ( O t is and Gi l ly 1990 ). O lfactory, e le ct rica l, or me-
hanica l st imu li elicit j ets init iate d by a b urst of mo tor
ctiv it y in the non-giant system, though giant axon ac-
iv it y c an be re cruite d a bout 50 m s af ter t he o nset o f
on-giant firing ( Otis and Gilly 1990 ). Here, we found

he la ser pul ses to funct ion simi larly to a s tro be flash,
ecause the first jet in a bout of repet it ive j ett ing was

nit iate d by the giant system with no obvious non-giant
ctiv it y. Nearly a l l subse quent se condary j ets ar ose fr om
h e n on-g iant system act ing a lone ( Fig. 4 ). Al though i t
s possible t o repeat e d ly elicit jets init iate d by the giant
xon system in response to a strobe flash, st imu li must
e administered at least 1 min apart in order to avoid
atigue or habituation ( Li and Gi l ly 2019 ). Be cause the
u al-c av it y l aser fired at 5 Hz for a d uratio n o f 10 o r 30
, it is possible that jets b eing pro duced in response to
uch a rapid st imu lus wou ld not a l low the g iant system
n ough tim e to recover. Th e n o n-giant system, o n the
th er han d , might be able t o handle p rod ucing jets in
uick s ucces sio n, co nsistent wi th i ts ab ili ty to p rod uce
 rade d muscle cont ract ions. 

A n alysi s of the muscle fib er typ es invo l ve d in j ett ing
ou ld a lso s h ed light on th e p ropo rtio n and timing o f
ets from the two neural systems during a bout of laser
ring. Differen t m uscle fib er typ es have b een charac-

er ized in mant le tis s ue, nam e ly two types a rra n g ed in
hre e dist in ct layers. Th e thin inn er an d ou ter po rtio ns,
nown as t he super ficial mit oc h on dr ia-r ich (SMR) lay-
rs, co mp rise abou t 25% o f t he mant le’s m a s s and s ur-
ound a much thicker midd le reg ion, ca l le d the cen-
 ra l mit oc h on dria-p o or (CMP) layer ( Bone et al. 1995 ).
omp are d oft en t o red and white muscle of fis h, th e
MR layers ar e aer obic a nd ma in ly use d in slow, respira-
ory sw imming , where as t he CMP layer is c haract erized
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Fig. 3 Repr esentativ e example of (Ai) neural, (Aii) pr essur e, and (B, C) DDPTV images of wake structure data from jets associated with 
non-giant axon activity. (Ai) In contrast to giant-axon activity shown in Fig. 2 , non-giant axon activity is characterized by r epetitiv e bursts of 
small-magnitude spikes, and (Aii) the corresponding pressure inside the mantle cavity shows jets made in quick succession. Frames at 30 
and 30.4 s w er e selected because wakes only appeared to be fully developed during the decreasing pressure phase, and they are depicted 
in panels B and C, r espectiv ely. At 30 s, the jet’s (Bi) velocity vector field and (Bii) velocity magnitude isosurface panels show a short 
downward pulse corresponding to (Biii) a single vortex ring apparent in the vorticity magnitude isosurface panel. In contrast, at 30.4 s, the 
jet exhibits (Ci, Cii) a possible intermediate-length arms-first pulse and (Ciii) a ring traveling leftward (caret) with a short trailing vortical 
structure behind it (bracket). 
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by hig h g l yco l yt ic act iv it y and ut i lize d for st ron g er man-
tle cont ract ions and faster jets ( Mommsen et al. 1981 ;
Bartol 2001 ). 

CMP fibers are th ought to be f urt her divided into
t wo different t ypes b ase d on ele ct rica l propert ies in
t heir excit at ion ( Gi l ly et a l . 1996 ). One c la ss of mu scle
fibers, presum ed to be from the CMP layer, is rich in
sodium chann e ls an d gen erates fast, a l l-o r-no ne mus-
cle t w itch es. This fib er typ e i s likely a ssoci ated w it h t he
giant axon system, thus serving as the basis for strong
man tle con t ract ions. An oth er set of fibers devoid of
sodium chann e ls appear s t o be a separat e type of CMP
fiber s h owing g rade d ex cita bilit y rel at ed t o repet it ive
st imu lat io n o f no n-giant axo ns. Th e distri bu tio n o f gi-
a nt a n d n on-g iant j et occur rences in t his study ( Fig. 4 )
cou ld refle ct b asic differen ces in th e thres h old s th at reg-
ula te excita tio n o f th ese two CMP fib er typ es. A s e vere
enough st imu lu s, such a s the la ser firing and suddenly
disrupting dar kn ess, cou ld exce e d t he t hres h old for gi-
ant ax on ex citation and act ivat ion of the sodium-rich
CMP fibers for s h ort-laten cy jets. Wh en th e st imu lus
is no lon g er nov el, it may fail to exce e d the thres h old
ne e de d to ut i lize the g iant p at hway, or t he giant axon
pathwa y ma y fatigue wi thou t sufficient re covery t ime
betwe en st imu li . In either case , j ets imme diatel y fo llow-
ing the init ia l g iant axon p athway respon se w ould be the
resul t o f repeti tiv e firin g in th e n on-g iant p athway to ex-
cite the other class of CMP fibers. 

Desp i t e pot ent ia l fat igue and/or habituation of the
giant axon pat hway, t he laser was able to elicit jets
fr om differ en t motor pa thways as expe cte d b ase d on
th e muscle fib er typ es pres ent in s q uid. Fut ure st ud-
ies could consider reducing the firing frequency of the
laser an d/or in cludin g lon g er restin g p erio ds wi thou t
laser firing within each t ria l to a l low for sufficient re-
cov ery, which w ou ld prob ab l y incre ase t h e chan ces of
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Fig. 4 Jet occurrence by neural type during a bout of laser firing. 
Giant axon jets ( n = 17) tended to occur near the start of laser 
firing, whereas non-giant jets ( n = 144) were prevalent throughout 
a laser bout and became more frequent as time elapsed. The total 
time the laser was firing ranged from a minimum of 6.4 s to a 
maximum of 30 s. 
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ocument ing g iant axon j ets. An oth er idea would be to
mploy a nea r-infra red laser, t o whic h the squid might
e v isu a l ly in sen sitiv e, a l lowing the use of other v isu al,
lfactory, an d e le ct rica l st imu li to elicit a w ider variet y
 f jets, incl uding t hose ar ising fro m co mb ined inpu t o f
oth neural pathways. 

ake structures compared between tethered 

nd free-swimming squid 

rev ious work v isu a lizing j et hydrodynamics in squid
 a s ident ifie d a variety of wa ke st r uctures in f ree-
wimming s quid ( Anders on and Gros enbaugh 2005 ;
artol et al. 2009b , 2016 ). Studies ut i lizing D D PTV to

evea l 3D wa ke st ruct ures of L. b re vi s provide th e m ost
ire ct comp ar ison wit h our dat a set ba sed on tethered
nim al s. All wakes observed fr om tether ed anim al s pos-
 ess ed 3D vortex ring structures, t ypic ally as a single
ing bu t so m etim es as interconn e cte d ring st ructures,
spe cia l ly if jets wer e pr oduced in quick s ucces sion.
 imilar vort ex rings were observed in free-swimming
quid of the same species ( Bartol et al. 2016 ), and the
ize ran g e of our tethere d anima ls (5.9–7.0 cm DML)
as well within that of the fre e-swimming anima ls (3.5–
0 cm DML). 

Although wake structures in tethered squid are sim-
lar to a subset of those in fre e-swimming anima ls of
 he s a me species, some differences merit consideration.
n addi tio n to sma l l singu lar pu lses with a sin gle v ortex
in g ( Figs. 2 B iii , Ciii , and 3 Biii), t ethere d anima ls some-
imes p rod uced structures o f in termedia te lengt h, wit h
 vortex ring t rai le d by a s h o rt vo rt ica l st ructure ( Fig.
 Ciii). How ev er, jets w ere nev er lon g enough t o mat c h
h e e longate d j et st ructures wi th a vo rtex ring p inching
 ff fro m a t rai ling j et as se en in fre e-swimming squid
 Bart ol et al . 2009b , 2016 ). Three fact or s ar e pr obab l y
ele vant. First, s ome water could have escaped through
he sma l l hole on t he dors al sur face of t he mant le for
eura l re cordings, thus re ducing the flow through the

unn e l during j ets. Se cond, anima ls in this study were
 ften p rod ucing j ets near maximum fre quency (1–2
z), and it is possible t hat t here was not enough time

 or a nim al s to fu l ly refil l t heir mant le c av i ties to p ro-
uce a jet of lar g er v olume to draw out an elongated
 et wa ke . Third , t he major ity of jets observed from teth-
re d anima ls occurre d wh en th e funn e l was aim ed to-
ard t he t ail-end for ar m s-first swimmin g. Elon gated

 ets in fre e-swimming anima ls are t ypic a l ly observe d
h en th e squid is oriented tail-first, with arms-first jet-

ing pr imar il y invo l ving s h o rt vo rtex ring puls es, e ven
t high swimming spe e ds ( Bartol et al. 2016 ). Inde e d, a
D ve locim et ry dataset col le cte d d uring a p reliminary
h a se of the proj e c t w hen a squid swam p redo minantly

n t he t ail-first m ode in cl uded a number o f lo n g er jets
it h le adin g edg e rin g st ructures (Supplementa l Fig. 1).
hese data were not considered in our ana lyses be cause
x cessiv e equi p m ent n oise in th ese ear ly t ria ls a ffe cte d
eura l sig na ls. Ther efor e, the low per cent age of t ail-first

ets fr om tether ed squid likely was a majo r reaso n fo r the
bsence of elongated wake structures. 

eural pathways can influence a jet beyond 

inematics 

ur hydrodynamic data extend u po n p revious wo rk,
hich h a s establi s h e d a dire ct role of the g ia nt a n d n on-
iant ax on system s on th e kin emat ics of a j et through
odu lat ion of muscle t w it c h and pres s ure inside the
antle c av it y driv ing a mantle cont ract ion. Innerva-

io n fro m the giant axo n syst em, c haract erized by its
 l l-o r-no ne nature, elici ts lar g e muscle t w it c hes ( Gi l ly
t al. 1996 ) and mantle pres s ure ( O t is and Gi l ly 1990 )
n d un der lies power f u l escape j ets ( Packard 1969 ). The
on-giant system must s h ow repet it ive act iv it y to gener-
 te significan t m us cular respons e, and summation pro-
uces a g rade d ran g e of mantle cont ract ion s to lev els
 qua l to (or exce e ding) those of the giant axon system
 O t is and Gi l ly 1990 ; Gi l ly et a l. 1996 ). We saw a simi-
 ar div isio n o f neural influence o n certain jet p roperties
n this s tudy, s pe cifica l ly impu l se m ag nitude and t ime-
v erag ed force magnitude. 
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(A) (B)

Fig. 5 Frequency distributions of jet characteristics between the two neural pathways (giant, n = 17; non-giant, n = 144). Neither (A) jet 
angle, θ , nor (B) jet cycle period, T j , w er e significantly different between giant and non-giant axon jets. 

Table 2 Mean ± standard deviation of jet features measured from all jets across three individuals. An asterisk indicates P ≤ 0.055 between 
jets of the two neural systems based on the linear mixed-effects model 

Feature Giant axon system ( n = 17 jets) Non-giant axon system ( n = 144 jets) 

Jet angle (degrees) –125.7 ± 51.9 –119.9 ± 39.4 

Jet cycle period (s) 0.58 ± 0.21 0.57 ± 0.18 

Impulse magnitude (mN s) ∗ 4.03 ± 1.77 3.27 ± 2.44 

Force magnitude (mN) 8.10 ± 5.00 7.21 ± 6.90 

(A) (B)

Fig. 6 Frequency distributions of measurements calculated from bulk properties of the jet wake. Giant axon jets ( n = 17) had on average 
greater (A) impulse magnitude ( P = 0.055) than non-giant axon jets ( n = 144), but (B) force magnitude was not significantly different 
between the two neural pathways. 
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Co mpu ted fro m i ts tri axi al co mpo n ents m easured
from the D D PTV da ta, im pul se m agni tude exhib i ted
a nea r-significa nt difference between the two neural
pat hways, wit h gre a ter im pulse f or gia nt axon jets ( Table
2 and Fig. 6 A). How ev er, t he distr ibu tio ns shown in
Fig . 6 A prov ide addit iona l insights not captured in the
mean values listed in Table 2 . Reflecting the all-o r-no ne
nature of mantle cont ract ions t hat ar ise fro m giant axo n
act ivat ion, the dist ribut ion of impulse magnitude values
was tighter, with sma l ler sta nda rd deviation and ran g e
f or gia nt ax on jets ( Ta ble 2 and Fig. 6 A). In contrast,
impul se m agni tude o f jets arising from the non-giant
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ystem were on average sma l ler bu t mo re b ro ad ly dis-
 ribute d ( Table 2 and Fig. 6 A). L ike t he mant le contrac-
 ions, impu l se m agnitude a ssoci ated w ith non-gi ant jets
ou ld exce e d maximum va l ues fro m giant axo n jets ( > 8
N s in Fig. 6 A), a f eature sha r ed in pr es s ure meas ure-
ents ( O t is and Gi l ly 1990 ). Th ese fin din gs sugg est that

eura l p a thways and m us cular respons es can influence
ydrodyn amic ch aracteri stics of the jet downstream of
 he mant le cont ract ion. 

Time-av erag e d force mag nitude, ca lcu late d by divid-
ng the impulse magnitude by the jet cycle p erio d, was
ot significantly different for the two neural pathways.

t is possible that jet cycle p erio d m easurem ents in-
 roduce d more variabi lit y, ev ident by the lar g er rela-
ive sta nda rd dev i ation associ ated w i th fo rce magni tude
 Table 2 ). Yet, sta nda rd dev i ation a nd ra n g e o f fo rce

agnitude were la rger f o r no n-g iant j ets, simi lar to the
i tuatio n wi th impulse magnitude ( Table 2 and Fig. 6 B).

Thus, these dual motor pathways appear to give rise
 o a diver si ty o f hydrodynamic ou tpu t a nd a fford the
quid flexib ili ty in i ts loco moto r reperto ire: th e n on-
iant axon system can p rod uce a wide ran g e of impulse
agni tude, wi t h t he gian t axon system a ugmen ting out-

u t by wo rking in concert wit h t h e n on-giant system
 O t is and Gi l ly 1990 ). A lar g e po rtio n o f giant axo n
pikes in our study occurred at the beginning of a jet
ycle with no obvious non-giant activity ( Figs. 2 Ai and
ii). Non eth e less, th e greater impulse magnitude as-

oci ated w it h t he g iant system a lone s ugges ts that gi-
nt axon activ it y re cruite d after a jet h a s been initiated
y th e n on-g iant system cou ld en hance impu lse under
o re natural co ndi tio ns. Because the giant axon system

s thought to be under strin g en t con t rol ( O t is and Gi l ly
990 ; P reuss a nd Gi l ly 2000 ), it cou ld be employe d un-
er circumstances when this b o ost ing effe ct wou ld be
 ost n e e de d , suc h as escaping a t hre at o r l un gin g arm s-

rst for prey capture. 

mplications for jet and fin coordination 

lt hough t he non-giant axon system produces lower
v erag e impulse than the giant system ( Fig. 6 A
n d Table 2 ), th e g rade d nature o f i ts ou tpu t could be
dvantageous when co mb ined wi th co ntribu tio ns fro m
he fins, which were not considered in our measure-
 ents. Th e fins play a lar g e role in force production,
 art icu larly at low swimming spe e ds ( Bartol et al. 2016 )
nd during arms-first swimming ( Bartol et al. 2018 ).
he y als o hel p wi t h tur ning ( Bart ol et al . 2022 ; Bart ol
t al. 2023 ). At low swimming spe e ds, the g iant axon
a tigues rela ti vel y quickl y compared to th e n on-giant
ystem ( O t is and Gi l ly 1990 ) and wou ld li ke ly n ot be
he dominan t pa thway used for slow swimming or fine

an euvers. Th e n o n-giant system, o n t he ot h er han d,
ould work in coordination wit h t he fins to f urt her tune
mpulse a nd f o rce ou tpu t wi thou t recrui ting the giant
ystem. For high swimming spe e ds, espe cia l ly with tail-
rst sw imming , the fin s w ould play a much sma l ler role
s the squid relies on the jet for t he major ity of its im-
ulse and force production ( Bartol et al. 2016 ). 

Re cruit ment of fin activ it y is not directly determined
y the giant and non-giant systems and depends instead
 n moto neuro ns in a different region of the brain (fin

obes) that proj e ct ax on s through the fin nerves. Lit-
le is known about the neuro muscular coo rdinatio n o f

a ntle a nd fin activ it y, but it is clear that the fins de-
r ease flapping fr equen cy an d/or wrap aroun d th e man-
 le dur ing high-spe e d swimming ( O’ D or 1988 ; Hoar et
l . 1994 ; Bart ol et al. 2001 , 2016 , 2018 ; Stewart et al.
010 ) and durin g giant-ax on-driv en escape responses
D.H.L. and W.F.G., personal observatio ns). Fu tur e r e-
ea rch effo rts explo ring coo rdinatio n o f fin a nd ma ntle
esponses in relation to re cruit ment p atterns in the gi-
nt vs. non-giant axon systems would offer insights. 
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