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Synopsis The cent ra l p a ttern genera tor (CPG) in angui l liform swimming h a s served a s a m ode l for examining the neural 
ba si s o f loco motio n. This system has been pa rticula rl y valuab le for the develop ment o f m athem at ica l m ode ls. As our biolog ica l 
un derstan ding of the neural ba si s of locomotion h a s exp ande d , so t oo have th ese m ode ls. Recent ly, t here have be en sig nificant 
advan cem ents in our un derstan ding of th e crit ica l role that me chanos ens ory fe e db ack plays in ro bus t loco motio n. This wo rk 
h a s led to a push in the field of m athem at ica l modeling to inco rpo rat e mec hanos ens ory fe e db ac k int o CPG m ode l s. In thi s 
p ersp e ct ive pie ce, we re vie w advances in the development of these models and di scu ss how newer complex models can su ppo rt 
biolog ica l invest igat ion. We high ligh t lam p rey sp inal co r d r egeneration as a n a re a t hat can bot h infor m t h ese m ode ls an d ben efit 
from them. 
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ntroduction 

or over 100 ye ars, t he lamprey h a s served a s an in-
alua ble v ert ebrat e m ode l in the field of neuroscience
 Freud 1878 ). Their re lative ly “simple ” spinal circuit and
ar g e identifia ble neuron s mak e them a menable to in
iv o e le ct rop hysio log ica l invest igat io n fo r studies o n the
eura l b a si s o f loco motio n, and cent ra l p attern genera-
 or s (CPGs) in p art icu l ar ( R ovainen 1967a , 1967b ). Ex-
er iment al and co mpu tatio nal studies have sought to
 h ed light on the mech ani sm s underlyin g these system s,
hic h drive behavior s suc h as sw imming . Early exper-
m ental wor k descri bed th e pro cesses b e hin d r hyth-
ic sig na l generat ion a nd f oun d CPGs to be u biqui-

ous across the animal ph ylogen y (e.g., Wilson 1961 ;
ri l lner 1975 ; Vida l et a l. 1979 ; Gri l lner 2011 ). Mean-
hi le, osci l lator the ory h a s been u s ed to des cri be r hyth-
ic patterns in b iology, incl uding so m e n europhysi-
log ica l ph en om ena ( Winfree 1967 ; Glass and Young
979 ; Ya ma nishi et al. 1980 ). Resea rchers bega n to com-
in e th es e efforts to de ve lop a m ode l of CPGs in lam-
re ys bas ed on weakly couple d osci l lat or s. S in ce th ese
 arly descr i ptio ns, many different types of m ode l s h ave
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e veloped to des cr ibe t he en trainmen t ran g es of CPGs
 Previt e et al . 2011 ; Haspel et al . 2021 ), patt ern s in fictiv e
wimming ( Cohen et al. 1992 ), and drive robotic and
o mpu tatio nal m ode l s ( Th andiackal et al. 2021 ; Hamlet
t al. 2023 ). As our un derstan ding o f lamp r ey neur o-
 hysio logy h a s exp ande d, mor e r efined models have
mer g ed. How ev er, a s these model s de velop, a ke y fea-
ure is that studying each system in isolation limits our
n derstan ding of h ow th e systems work t ogether t o pro-
 uce loco motio n. 
Recent studies have hig hlig hted the crit ica l role for
 echan os ens ory fe e db ack in ro bus t loco motio n, em-
h a sizing the ne e d t o bett er under st and t he mech-
nisms be hin d s ens o rimoto r in tegra tio n ( K atz et al.
021 ). Researc her s have sought to un derstan d th e role
f m echan osens ation in st a bilizin g swimmin g behavior
nd com pensa t ing for externa l (o bs tac les) and int ernal
injury) types of perturb at ions in swimming ( McC lel lan
 nd Ja ng 1993 ). Though the CPG can p rod uce rhyth-
ic sig na ls in isolat io n o f the b o dy, it is b ecoming
or e appar ent t hat t he fe e db ack from the b o dy itself
l ays a cruci a l role in stabi lizing swimming through
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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Fig. 1 Repr esentativ e schematic of a computational model. (A) Still frame of a larval lampr ey swimming with an inset schematic 
r epr esenting segments. Image provided by Hilary Katz. (B) Shows the structure of an integrative computational model that could be used 
to drive a swimming “lamprey.” Neural activation drives muscle contraction and ultimately body movement. The body moves the 
surrounding fluid and r eceiv es feedback from the environment. Movement of the body also provides proprioceptive feedback, which 
influences neural activation and muscle contraction inputting back into the CPG. Arrows drawn between CPGs represent the coupling 
between CPGs. For simplicity, the directionality of signals from the CPG to the muscles and feedback from the body to the CPG are 
shown on one segment but operate similarly on each segment. Each body segment has a pair of oscillators that are in antiphase with each 
other. Along the lateral sides of the body, the segments on the same lateral side are weakly coupled. The strengths may differ in the 
ascending and descending directions. 
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th e m ech ani sm of mech a nosensation ( Ha mlet et al.
2018 ). 
In addi tio n to loco motio n, the lamp rey h a s served a s

a m ode l for s ucces sful s p inal co r d r eg eneration in v erte-
brates ( Cohen et al. 1986 ). F ollowing a com plete spinal
t ranse ct io n, lamp reys can regenerate their spinal cord
and achieve s ubs tant ia l funct iona l re covery ( Pa rk er
2017 ). Research o n sp inal co r d r egeneration h a s pri-
ma rily f ocused on the recovery of motor circuits and
lar g e ret icu lospina l (RS) ax on s (e.g., McC lel lan 1990 ;
Rom au s-Sanjurjo et al. 2018 ). There is a ne e d to expand
our un derstan ding of m echan os ens ory in tegra tion in
th e regen erated circuit. Furth erm o re, p rop rioceptio n is
s us pe cte d to play a role in recovery from loss of func-
t ion fol lowing a p art ia l o r co mplete t ranse ct io n o f the
sp inal co rd in lamp reys. As co mpu tatio nal m ode ls con-
tinue to increase in co mplexi ty and reduce in cost of la-
bo r, they p rovide an o p po rtuni ty to s h ed light on the
role of s ens ory fe e db ack in stabi lizing the motion of an
in tegra tive system. These model s h ave the potent ia l not
only to describ e b ehavio rs bu t to p ropose and p redict
mech ani sms th at can then be t est ed exper iment a l ly. 

Here we di scu ss the pr ogr ess th at h a s been m ade
in dev elopin g co mpu tatio nal m ode ls alongside bio-
log ica l invest igat ion, beg inning from the early CPG
m ode ls through the const ruct ion of in tegra tive mod-
e ls. We th en summarize what is known about the
m echan os ens ory system in the lamprey and see how
this s ens ory fe e db ac k syst em h a s be en applie d to re cent
m ode ls t o stabilize , drive , o r even co ntrol loco moto r be-
h aviors. Fin a l ly, we re vie w the lamprey as a m ode l for
sp inal co r d r egen eration an d di scu ss h ow th ese integra-
t ive me chanos ens ory models c an prov ide insight into
th e regen erated n eural circuit. 

CPGs and phase oscillators 
Angui l liform, e el-li ke, locomot ion is driven by a series
of CPGs along the b o dy axis ( Fig. 1 ; Cohen 1987 ). CPGs
are simple neuronal n etwor ks t hat dr ive rhyt hmic be-
haviors, even in the absence of external input, and oc-
cur in every animal known and studied t o dat e ( Marder
an d Buch er 2001 ). In th e la mprey, lik e other a nguil-
liform swimmer s, musc le act ivat ion t ravels a long the
b o d y axis, dri ven by CPGs at eac h musc le seg ment a long
the b o d y. Earl y experimen ts iden t ifie d the nature of this
trav elin g wav e of act ivat ion: p erio dic with a c haract er-
i stic ph a se l ag along each l atera l side as wel l as a n a n-
tiph a se pattern across a given segment ( Paggett et al.
1998 ). This pattern of activation ultimatel y gi ves rise to
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he sinusoid al sw imming th at i s ch aracteri stic among
ngui l liform sw immers ( Fig . 1 A; Cohen 1987 ; Paggett
t al. 1998 ). Researchers in biolog ica l and m athem at-
cal fields found that the o utp ut driven by CPG cir-
uits resembled that of ph a s e os ci l lat or s. A m athem ati-
al “ph a s e os ci l lato r ” exhib i ts a p erio dic sinusoidal os-
i l lat ion, an d depen ding on th e ph a s e of the os ci l lat ion,
e can consider the o utp ut to be “active” or “inactive”
Cohen et al. 1982 ). These observations and early math-
mat ica l wor k re lat ing osci l lator the ory to neurobiology
ed to m athem at ica l m ode l s ba sed on fictive swimming
hat could be used to better un derstan d th e CPG circuit
Cohen et al. 1982 ). 
This early w ork relatin g neurop hysio logy to osci l la-

o r theo ry ( Pavlidis and Pinsker 1977 ; G la ss and Young
979 ) led to the co nstructio n o f an early model of the
PG sig na l in lampreys using a set of weakly cou-
le d osci l lat or s (Cohen et al . 1982). Th ese math emati-
al m ode l s u se d fict iv e swimmin g sig na ls, mo tor o utp ut
easured by ventral root recordings in an isolated cord,
s a guide to const ruct ing a set of osci l lat or s whose out-
u ts rep rod uced the key co mpo nents observed in ex-
er iment a l resu lts. The earliest models included single-
h a s e os ci l lat or s coupled in a series, as o p posed to pairs
f osci l lat or s, s o thes e model s h ad n o sidedn ess (Coh en
t al. 1982). These ph a s e os ci l lator m ode l s h ave found
 ucces s in p rod ucing rhythmic patterns seen in fictive
wimming experim ents. Th ey h ave al so provided an op-
o rtuni ty to explo re h ow pattern gen eration is a ffe cte d
y chan gin g the couplin g types, or how many osci l lat or s
n t he ser ies e ach osci l lato r is co nne cte d t o, and c hang-
ng the strength between each of those conne ct ions. 
Sin ce th eir init ia l const ruct ion, s e veral types of os-

i l lator m ode l s h av e been dev e loped, in co rpo rating dif-
erent levels and types of biolog ica l informat ion in their
onst ruct ion (e.g ., Fig . 1 B; Wi l liams et a l. 1990 ; Kopel l
t al. 1991 ; Cohen et al. 1992 ; Ek eberg a nd Gri l lner
999 ). These later efforts ( Cohen et al. 1992 ) inves-
 igate d the nature of the coupling between segments
n d th eir r ole in pr oducing rhythmic patterns similar
o those seen in fictive motio n. Equatio ns fo r weakly
ouple d osci l lat or s demonstrat ed fictive swimming fre-
uencies similar to biological observations. Other in-
est igat ions have focused on m ode ling th e un der ly-
ng cel lu lar interact io ns amo ng moto r neuro ns, as op-
 osed to mo deling motor ou tpu t, ( Alfo rd and Gri l lner
991 ; Gri l lner 2003 ) to refine models beyond the early
e duce d-ph a se m ode ls. Many of th ese m ode ls descri be
eurona l sig na lin g w ell fo r a limi ted number o f seg-
ents. St i l l, they beg in to se e a loss of en trainmen t, or
sci l l ator sy nchro nizatio n, as the number of segments
ncreases to a biolog ica l ly relevan t n umber, indica ting
 hat cr it ica l neura l sig na ling co mpo nents r emain unr e-
o l ved in a detailed mech ani stic m ode l. 
ensory feedback in anguilliform 

ocomotion 

h ese ear ly m ode ls considered CPGs in th e absen ce of
xterna l fe e db ack. How ev er, in a livin g or ganism, the
PGs const ant l y recei ve fe e db ack from s e veral s ources.
hes e s ources include the bra in a nd/or ga nglion clus-
 er s and s ens ory cell s. Thi s results in a closed-loop sys-
em in which the CPG con tin ually responds to s ens ory
e e db ack and adjusts the act ivat ion sig na ls the rest of the
 o d y recei ves. 
This s ens o rimoto r in tegra tion allows anim al s to ad-

ust to perturb at io ns fro m int ernal syst ems, suc h as the
efo rmatio n o f the b o dy, in addi tio n t o ext ernal per-
urb at io ns fro m the enviro nment ( Gri l lner et a l. 1981 ;
ri l lner et a l. 1984 ). Me chanos ens o ry inpu t has been

 h own to be an essent ia l co mpo nent in ro bus t loco-
otion ( Kna f o a nd Wya rt 2018 ). Wit hin t he lamprey
p inal co rd , whic h m any of the di scu ssed m athem at ica l
 ode ls are b ase d on, there are two primary sources of
 echan os ens ory fe e db ack: e dge cel ls and dorsa l cel ls.
 dge cel ls are st ret c h recept or cells located on the mar-
in of the spinal cord. These cells are known to ex-
i te i psi latera l muscle cont ract ions and to inhib i t co n-
 ra latera l cont ract io ns in respo nse t o stret c h, though
he exact funct iona l form of this response is not well-
eso l ve d ( Wi l liams et a l. 1990 ; McC lel la n a nd Ja ng
993 ; Tyte ll an d Coh en 2008 ). While oth er stret c h-
e cept ive me chanos ens ory cell s h ave be en ident ifie d in
ay-finn ed fis h ( Kna f o a nd Wya rt 2018 ), it is unclea r
h eth er th ese po p u lat io ns are ho mologous. Lamp reys
ave an addi tio nal po p ulatio n o f m echan os ens ory neu-
ons ca l le d dorsa l cel ls. These cel ls are locate d a long the
e dia l t rack o f the sp inal co rd ( Rovain en 1967b ). Th ey
ave a rost ra l and a c aud a l proj e ct ion, as wel l as a pe-
i pheral p rocess that exi ts the sp inal co rd and p roj e cts
o the skin. Their lar g e size and location in the spinal
ord make these cell s ea sil y identifiab le under a dissect-
ng sco pe witho ut any la belin g. W hile do rsal cell s h ave
ot been exten siv ely examined in the lampre y, the y are
hought to be ho mologous wi th Roho n–Bear d neur ons
n fish and a mphibia n s, which sen se t ouc h and noci-
eption in the skin ( Buch an an an d Coh en 1982 ; Katz
t al. 2021 ). D ors a l cel l p hysio logy h a s been ch aracter-
ze d b ase d on their response to int racel lu lar current in-
 e ct ion s, and sin gle-cel l st imu lat ion h a s been s h own to
isrupt vent ra l roo t b ur sting rhythm ( Buc h an an and
oh en 1982 ). Th es e obs ervatio ns are co nsistent wi th
ork in larval ze brafish th a t indica te Roh on–Beard n eu-
ons likely play a role in s e veral behaviors including
t art le be havior an d m odu lat ion of swimming spe e d
 Kna f o et al. 2017 ; Liu and Hale 2017 ). 
One of the key questions in understanding the role of
 echan osensation in locomotor behavior is how the or-
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ga nism tra ns lates th e s ens ory fe e db ac k int o a funct iona l
adjustment in beh avior. Mathem at ica l modeling offers
a path to un derstan ding th e effect of these sig na ls and
proposing mech ani sms by which a response to a stimu-
lus at a cel lu l ar level c an be converted into the ap pro pri-
at e c han g e in the or gani sm’s beh avio r. W hile much h a s
be en studie d r egar ding m echan osensation, many exact
mech ani sm s describin g the underlying ph en om ena re-
main unreso l ved. Ma thema t ica l m ode ling may a l low us
to explore potent ia l conne ct ions that can then be t est ed
in vivo . 

In an effort t o under st and t he effects of mechanosen-
so ry inpu t o n loco motio n, so me earl y p h a s e os ci l lator
m ode l s h ave explore d ent ra inment ra n g es in chain s of
ph a s e os ci l lat or s f orced at different posi tio ns alo ng the
b o dy ( Masserelli et al. 2016 ). En trainmen t ran g es, in
this context, refer to the ran g e of frequencies at which
the CPG can mat c h the st imu lus fre quen cy ( Massere lli
et a l. 2016 ). Resu l ts, incl uding those o f Wi l liams et a l.
(1990 ), Kopel l et a l . (1991 ), Previt e et al. (2011 ), and
Masserelli et al. (2016 ), have explored the coupling re-
quired to p rod uce en trainmen t or activation frequency,
ran g es compara ble to exper iment a l resu l ts wi th fictive
sw imming . Kope ll an d Erm entrout (1988 ) th eoretically
deter mined t he general co ndi tio ns under which en-
tra inment ca n occur a n d con ditions un der which en-
tra inment ca n be lost due to f orcing at different loca-
t ions a long the chain. In the co ntext o f mechanosensa-
t ion, these resu lts provide insight into how a fe e db ack
sig na l from st ructures such as e dge cel ls cou ld induce
a different frequency of oscillatio n alo ng parts of the
CPG with a giv en forcin g sig na l a t a few poin ts along
the b o dy. 

Moving from computational models of 
CPG to integrative swimming models 
Advan ces in un derstan ding of s ens ory fe e db ack as wel l
as neural signaling and cel lu lar models ( Gri l lner et al.
1991 ; Nishikawa et al. 2012 ; Williams 1992 ; Haspel et
al. 2021 ) have su ppo rted the evol u tio n fro m red uctio n-
ist m ode ls, w hich foc us on fic tive mo tor o utp ut, to more
in tegra tive m ode ls of swimming b ehavior ( Ijsp e ert et a l.
1999 ; Tytell et al. 2010, Hamlet et al. 2016 ). More so-
phist icate d m ode ls of neura l sig na lin g ( G ri l lner 2003 ;
Kiem e l et al. 2003 ; Zhaoping et al. 2004 ) more capa-
ble o f inco rpo rating p rop riocept ive effe cts have s h own
p ro mise in const ruct ing integ rat ive m ode ls to study the
role of m echan osensa tion in lam prey sw imming . These
in tegra tive m ode ls a l low r esear c her s t o explo re b iolog-
ica l me ch ani sms an d th e physica l limitat ions impose d
by coordina ting m ul ti ple systems to p rod uce emer g ent
beh avior such a s sw imming ( Fig . 2 ). F or exam ple, com-
pu tatio nal wo rk h a s s h own th at a symmetric coupling
betwe en seg m ents in th e ascen ding an d descen ding di-
re ct ions is re quire d to observe CPG en trainmen t similar
to that observed in lampreys ( Previte et al. 2011 ). While
re duct ionist m ode ls using phase osci l lat or s have yielded
many insights into p attern generat ion, interest in phe-
n om en a such a s mech anosensatio n co ntinue to drive
th e deve lopm ent of even m ore detai le d neura l mod-
el s. In contra st to ph a s e os ci l lat or s, whic h are m ode led
af ter t he vent ra l roo t mo tor o utp ut, n eural m ode ls in-
co rpo rate th e n eural n etwor ks that p rod uce the vent ra l
roo t o utp ut, offering more ability to incorporate com-
plex fe e db ack me ch ani sms. Whi le these resu l ts were fo r
a limited number of segm ents, th ey hav e in sp ired b road
r esear ch in pattern generation and control mech ani sms
for robotic design ( Thandiackal et al. 2021 ). 
One of the main go a ls of studying the effects of sen-

sory fe e db ack on the CPG is to understand the role that
m echan osensation plays in overall loco moto r behavio r.
Ma thema t ica l model s th at inco rpo rat e mec hanosen-
sory fe e db ack a l low us to explo re the influence o f vari-
able inpu t o n moto r ou tpu t. As p reviou sly di scu ssed,
ear ly m ode ling of th e CPG revea le d m any ch aracter-
istics found in fictiv e swimmin g (Cohen et al. 1982).
How ev er, as hig hlig hted in the re vie w by Tytel l et a l.
(2011 ), o utp uts from neural circuits are essent ia l but
st i l l on ly one p art o f a co m plica t ed syst em co mb in-
ing neura l sig na ling to a me chanica l system interact ing
with a fluid environment to produce swimming behav-
iors ( Fig. 1 ). Th e interdepen den ce of th es e s ens ory and
mot or syst ems h a s dr iven t h e deve lopm en t of in tegra-
tive m ode l s in m athem atics, co mpu tatio n, and b io in-
spire d eng ine ering desig n ( Fig. 2 ). 
Co mpu tatio nal m ode ls of angui l liform swimmers

hav e been con structed usin g prescrib ed b o dy shap es
an d e lastic rod m ode ls by Carling et al. (1998 ) and
McMi l len et a l. (2008 ), comp ar ing t heir results to ex-
per iment a l resu l ts fro m Tyte ll an d Lauder (2004 ). Us-
ing a fixe d act ivat ion wave, th ese m ode ls r epr esent an
essent ia l step in dev elopin g com puta t iona l m ode ls of
angui l liform swimmers. A maj or difficu lty in simu lat-
in g swimmin g is the fluid enviro nment i tself. Many
m ode l s h ave m ode led swimming behavior by approx-
imating fluid fo rces ( L ight hi l l 1969 ; McMi l len et a l.
2008 ). To study the fu l l y coup le d fluid-st ructure inter-
actio n p roblem, Tyt ell et al . ( 2010 ) construct ed a mul-
t isca le , int eg rat ive co mpu tatio nal lamp rey in an im-
m ersed boun da ry fra m ewor k. Th e imm ersed boun d-
ary m eth od is a we ll-establis h ed co mpu tatio nal m eth od
that a l lows high l y deformab le b o dies to b e coupled to
a fu l l Navier-Stokes m ode l for a vi scou s, inco mp ress-
ible fluid , whic h facilitat es t he study of t he interaction
betwe en a st ructure (in thi s ca s e, a lampre y) and its
fluid enviro nm ent. Ear ly imm ersed boun dary m ode ls
employe d a prescribe d act ivat ion wav e, focusin g on the
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Fig. 2 Simulation of emergent swimming using an integrative computational model. Data provided by the Hamlet Lab. The computational 
model comprises coordinated models for calcium dynamics, muscle mechanics, passive body structures, and fluid structure interactions 
driven by a CPG based on phase oscillator models. Proprioception from edge cells is modeled as curvature changes. Such models can be 
emplo y ed to test and analyze changes to the CPG and swimming behavior in the presence of different feedback signals, external 
perturbations, or spinal cord injuries. 
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ner g et ics and me chanica l fe e db ack forms such as mus-
le s tiffnes s ( Tytell et al. 2011 ; Hamlet et al . 2015 ). Lat er
 ode l s h av e dev elope d an integ rat ive m ode l driven by
oup led p h a s e os cillat or s capable o f inco rpo rating sen-
ory fe e db ack from e dge cel ls and other fo rms o f p ro-
 rioceptio n ( Hamlet et al. 2018 ). In one of the most
ecent m ode ls ( Ham let et a l. 2018 , 2023 ), e dge cel l re-
p onse is mo dele d using funct io ns o f local curvature,
hich is a reasonable a pproxima tion to the degree of
tret c h in a region. This m ode l has been used to ex-
lo re functio nal fo rms o f m echan os ens ory fe e db ack
rom edge cells an d th eir effects on swimming perfor-
ance. Resul ts fro m this m ode l have s h own that dif-

erent funct iona l fo rms o f p rop riocept ive fe e db ack pro-
o rtio nal t o stret c h can increase swimming spe e d whi le
educin g meta bolic cost, indicatin g th at mech anosen-
ation can stabilize locomotion during perturb at ions
 nd enha nce swimming perf orma nce even f or steady
w imming . 
O ther g roups, such as Gazzola et a l. (2015 ), have
 ode led th e effects of m echan osensatio n co mpu tatio n-

 l ly u sing ela stic s h eet m ode ls an d in co rpo rating p ro-
 rioceptio n directly into the torque experienced by the
 lastic s h eet an d th e e quat ion s drivin g m otion. Th eir re-
ul ts demo nst rate d so me o f the effects o f p rop riocep-
io n o n b o dy s tiffnes s, allowin g or ganism s t o swit c h t o
igher r esonant fr equencies and r epr oduce some ob-
erved complex gaits. 
Som e m ode l s h ave co mb ined co mpu tatio nal m ode l-

ng and b io insp ire d desig n, such as Ijspeert et al. (2007 )
 nd Tha ndiacka l et a l. (2021 ). In Thandiacka l et a l.
2021 ), a seg menta l robot ic swimmer is const ructe d
 nd progra mmed to respond with pa ra met er s b ase d on
usc le mec hanics, neura l act ivat ion, and exterocept ive

e e db ac k. This ext erocept ive fe e db ack was modele d af-
er the fe e db ack that is hypothesized to be relayed by
he lamp rey do rsa l cel ls. The coupling st r engths wer e
an d-tun ed in this m ode l, an d both ph a s e os ci l lator and
 eural n etwor k m ode ls were implem ent ed . Using the
ob otic mo del, they were able to isolate and explore the
oles of the CPG, int er seg menta l conne ct ions, and sen-
ory fe e db ack on locomot ion, finding t hat bot h t he CPG
nd s ens ory fe e db ack w ere a ble to p rod uce loco mo-
or m ovem ents redun dantly. Th ese results in dica te tha t
o me fo rms o f m echan osensation may act redundantly
ith CPGs to ensure regul ar sw immin g ev en when part
f the system is p erturb ed. 
As these in tegra tive m ode l s h ave grown in complex-

 ty, they p rovide an o p po rtuni ty fo r n ew an d ex citin g ap-
lications. One such application that h a s recently begun
o be explored is in the field of spinal cord regeneration
 Hamlet et al. 2023 ). 

pinal cord regeneration in lampreys 
n addi tio n to serving as a m ode l fo r loco motio n, lam-
r eys ar e a m ode l system for invest igat ing me ch ani sms
f s ucces sful s p inal co r d r egen eration ( Par ker 2017 ). Af-
 er a complet e spina l t ranse ct io n, lamp reys exhib i t sub-
tant ia l neurona l regenerat ion and funct iona l re covery.
here h a s be en a concerte d effort to discern the mech-
nisms of s ucces sfu l regenerat ion as well as c haract er-
ze the regenerated neural circuit and its relatio nshi p to
bserved behavio r, bu t thi s i s a ch a l leng ing task. Re cent
o rk o n lamp rey m ode ling h a s b een able to incorp o-
a te regenera tion in to com puta t iona l m ode ls ( Hamlet
t al. 2023 ). This r epr es ents a ne w avenue fo r explo r-
n g sen so rimoto r co nne ct iv it y patterns in the regener-
te d spina l co rd. Addi tio nally, inv estigatin g reg enerated
ircuits a l lows us to explo re the limi ts o f neura l re dun-
an cy in viv o , which ca n inf or m f uture comput at iona l
 ode ls. 
In the lamprey model, the term “regeneration” gen-

ra l ly refers to the r egr owth o f axo ns across the in-
ury site as o p pose d to the different iat io n o f n ew ce lls.
he loca lize d CPG cir cuits r em ain intact, a s evidenced
y fictiv e swimmin g observ ed v i a vent ra l r oot r ecor d-
ngs (McC lel lan 1990). How ev er, the reg enerated ax on s
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fo rm co mp letel y new synaptic conne ct ion s a bov e and
be low th e injury site ( Fig. 3 A; Pa rk er 2017 ; Ha nslik et
al. 2019 ). A xon al pathfinding varies across indiv idu als.
Ax on s may regenerate ipsi latera l ly or cross the midline
a t the in jury sit e , an d som e ax on s hav e been observ ed
to loop back on th emse lves before or past the injury site
( O liphint et al., 2010 ; Hans lik et al. 2019 ). Regeneration
is always incomplete and can vary depending on the
type of neuron and the locatio n o f the lesion ( Jacobs et
al. 1997 ; Yin an d Se lzer 1983 ). RS ax on s, which proj e ct
fro m the b rain down t he lengt h of t he entir e cor d, ex-
hib i t a higher p robab ili ty o f regeneratio n at mo r e r ost ra l
injuries, while more c aud al injuries may result in less re-
gen eration (Yin an d Se lzer, 1983 ; Fies et al. 2021 ). Over-
a l l , dor sa l and e dge cel ls locate d be low th e injury site re-
generate rost ra l ly (toward the lesio n), bu t genera l ly ex-
hib i t less regeneration than RS ax on s. Arm stron g et al.
(2003 ) found that a very sma l l subset of these sensory
ce lls regen era ted a t lea st a s far a s the injury sit e , indicat-
ing they could relay info rmatio n across the injury sit e .
How ev er, un li ke RS neuro ns, do rsa l cel ls s h ow th e sam e
level of rost ra l regenerat ion regard less of wh eth er th e le-
sion is locate d rost ra l or c aud al (Yin and Selzer 1983).
Chan g es in the number and structure of synapses have
a lso be en observe d a lo ng RS axo ns wi th regenerated ax-
on s havin g few er and sma l ler syna pses a t an d be low th e
injury site (Oliphint et al. 2010). 

In addi tio n to differences in th e n eural circuit, th ere
ar e br oad chan g es in the funct iona l propert ies of in-
div idu al neurons after spinal cord injury ( Hoffman
a nd Pa rk er 2010 ; Hoffma n a nd Pa rk er 2011 ). In sen-
so ry cells, axo n regeneratio n h a s be en studie d in both
edge ( Hoffma n a nd Pa rk er 2011 ) a n d dorsal ce lls ( Yin
an d Se lzer 1983 ; Arm stron g et al. 2003 ), but recov-
ery of s ens ory fe e db ack h a s p redo minantly been ex-
amine d with respe ct to e dge cel l s. Hoffm a n a nd Pa rk er
( 2011 ), as ses sed p rop riocept ive fe e db ack in the regen-
erate d spina l cord. At 8–10 weeks post-injury (WPI),
the y obs erve d a sig nificant increase in firing frequency
and re duce d ada pta tion in response to bending below
the injury site as comp are d to uninjured cords. In addi-
tion to these chan g es in the spinal cord, they observed
chan g es in p hysio log ica l propert ies of e dge cel ls. No re-
latio nshi p was found between this chan g e in ex cita bility
an d th e deg re e of swimming re covery c haract erized by
swimming score. This may indicate that more in-depth
m easurem ents of fun ct iona l re covery are ne cessary to
di stingui s h re lations hips between p hysio logy an d fun c-
tion. 

Beck er a nd Pa rk er (2019 ), expa nded u po n this study
by examining p rop rio ceptive resp onses at 4, 20, and
24 WPI. The spinal cord s h owed n o resp onse to b end-
ing st imu li a t 4 WPI, indica ting tha t so me p rop riocep-
t ive fe e db ack may be su pp ressed at earlier post-injury
s ta g es. How ev er, th e auth ors n ote that thi s m ay be the
case for the specific st imu l us p resented and may not
be univer sal . At 4 WPI, lampreys genera l ly are cap a-
ble of f orwa rd m ovem ent, but it ten ds to be un coor-
dinated with abnormal b o dy waves and frequent stops
a nd sta rts. Even bef ore a nim al s exhib i t fo rward move-
m ent, th ey wi l l respond to a tact i le st imu lus at the tail
(Ka tz observa tion), so the anim al s likely m aintain some
fo rm o f m echan os ens ory fe e db ack. This s ugges ts that
m otor n eur ons ar e r eceiving input from local stimuli
be low th e injury site an d driving un coordinated m otor
o utp ut. This indicates that m echan os ens ory cells, such
as dorsal cells or edge ce lls, re lay feed back be low th e in-
jury site at early post-injury s ta ges. 

Functional r ecov ery after spinal cord 

injury 

Desp i te th e su bstant ia l individua l variat ion in neura l
circuitry and p hysio logy post-in jury, lam p reys exhib i t
s ubs tant ia l , and consist ent funct iona l re covery of swim-
ming and burrow ing behav iors follow ing spinal cord
injury ( Rova inen 1976 ; Ha nsli k et a l. 2019 ; Katz et
a l. 2020 ). Re cov ery of swimmin g beh avior h a s been
s tudied mos t exten siv ely, p redo minantly by develop-
in g scorin g rubrics t o c haract er ize st ages of swimming
re covery b ase d o n fo rward m ovem ent, frequen cy of
a berrant mov ements, and presence of sinusoidal swim-
ming ( Fig. 3 B; Becker an d Par ker 2019 ; Hans li k et a l.
2019 ; K atz et al. 2020 ). W hile ther e ar e slight differ-
en ces in th ese ru br ics between rese arch groups, t here
is a g eneral con sen sus that l ampreys displ ay a very
consistent and robust t raj e cto ry o f swimmin g recov ery
wi thin abou t 10–12 WPI. How ev er, kinema tic com par-
ison s betw e en uninjure d an d regen erate d anima ls s h ow
tha t regenera te d anima ls display differences in swim-
ming (Oliphint et al. 2010 ; Fies et al. 2021 ). At 10–12
WPI, lampreys exhibit slower swimming spe e ds, higher
t ailbe at frequency, lower a mplitude, a n d s h orter wave-
len gth s (Oliphint et al. 2010 ; Fies et al. 2021 ). These re-
sults indicate a red uctio n in swimming efficiency fol-
lowin g reg eneration. 
While swimming h a s be en studie d most exten siv ely

in the larval sea lamprey, in their natural environment,
these anim al s are most co mmo nly fo und b urrowed in
s ubs trate ( Moore 1980 ). Burrowing behavior can be
broken down into two co mpo nents: ini t ia l and fina l
( Paggett et al. 1998 ). The init ia l com ponen t resembles
sw imming , w i th sinuso ida l waves a long the b o dy that
dr ive t h e h e ad into t h e su bstrat e . Dur ing t he final com-
pon ent, th ese waves cease, and the tail is pulled into the
s ubs trate ( Pa ggett et al. 1998 ). Recent work h a s demon-
st rate d that lampreys do not recover burrowing behav-
ior to t he s ame deg re e as swimming ( Katz et a l. 2020 ). At
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Fig. 3 Regeneration in the larval sea lamprey Petromyzon marinus . Images modified from Hanslik et al. ( 2019 ). (A) Bulk-labeled axons in an 
uninjured control spinal cord and a regenerated cord at 11 WPI. (B) Representative still-frame images of lamprey swimming recovery 
f ollo wing a complete spinal transection at control (uninjured), 1, 3, and 11 WPI timepoints. Asterisks indicate location of lesion. 
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1 WPI, many anim al s are un ab le to burrow comp letel y,
 nd a nim al s th at can bur row t a ke sig nificantly lon g er to
o s o. Thes e be havioral differen ces post-injury in dicate
 hat t her e ar e chan g es in th e n eural circuit tha t im pact
istinct co mpo nents o f moto r co n trol and poten t ia l ly
 ens o rimoto r in tegra tion. 
W hile so me axo n r egr owth is observe d fol lowing

p inal co rd t ranse ct io n, the co nne ct ion betwe en this re-
rowth and recovery of locomotion is unclear ( Fies et
l. 2021 ). On e possi ble hypoth esi s i s th a t the am plifica-
io n o f m echan os ens ory fe e db ack can improve or com-
 letel y r estor e swimming in in jured lam preys, an exam-
le o f faul t toleran ce ( Haspe l et al . 2021 ). Suc h amplifi-
ation h a s been observed in anim al s a t la te s ta ges of re-
eneratio n (Ho ffma n a nd Pa rk er 2011). Recent compu-
at iona l w ork usin g phase osci l lat or s h a s demonst rate d
his ph en om en on in num erical m ode l s ba sed on in-
ur ed lampr eys ( Ham let et a l. 2023 ). This amplified
 echan os ens ory fe e db ack may su ppo rt the animal in

 ransit ioning from the uncoordinated f orwa rd move-
en t tha t is init ia l ly observe d to th e n ear ly n ormal si-
usoid al sw immin g observ ed at 10–12 WPI. 

uestions that remain 

oth in vivo and co mpu tatio nal m ode ls wi l l be crit i-
al to expanding our understanding of mechanosen-
ory in tegra tion in the locomotor circuit, p art icu larly
n the context of regenera tion. Ma thema t ica l and com-
u tatio nal m ode ls offer a n o p po rtuni ty to explo re not
us t o bserved behavio rs bu t to explo re p roposed co n-
e ct ions and offer pre dict ive tests to guide experimen-
al inquiry. This is espe cia l ly va luable in light of the sub-
tant ia l variat ion in n eural regen erat ion observe d in the
amprey m ode l. From th e orig ina l m ode ls of phase os-
i l lat or s, whic h captured many of the key aspects of fic-
iv e swimmin g, to th e m or e r ecen t in tegra tive m ode ls,
hich p rod uce emer g ent beh avior ba sed o n mul tiscale
oo rdinatio n, m ode ling, an d experim ent have worked
 ogether t o provide insigh t in to th e m ech ani sms un-
er lying locom o tion. In this way, comp utation, m ode l-
ng, an d experim en ta tio n fo rm a closed system, each in-
o rming o n the explo ratio ns an d un derstan ding of th e
 ther. Comp utat iona l m ode ling offers th e o p po rtuni ty
o st udy inj ur ies t hat a ffect th e system’s un der lying ar-
 hit ecture , per for ming i n sil i co experim ents n ot possi-
 le in li ving bio log ica l syst ems t o revea l conne ct ions
n d em er g ent properties. G iv en t he var iab ili ty in spinal
egeneratio n, i t would be v irtu all y impossib le to exp lore
very potent ia l circui t ou tco me followin g reg eneration
n viv o . In th e future, m ode ls could be deve loped to al-
ow us to explore an infinite number of possible connec-
ions in the regenerated cord and provide insight into
 he f unct iona l conse quences. 

hallenges that remain 

her e ar e di stinct ch allen g es associated with studying
 echan os ens ory systems. In the lamprey, the edge cells
av e receiv ed significantly mo re attentio n than the dor-
a l cel l s. Thi s i s m ost like ly be cause a st imu lus can be
resent ed t o th ese ce ll s in an i solated spin al cord. To
tudy m echan os ens ory fe e db ack in dorsal cells, it will
e necessary to develop a novel prep for the lamprey
hat a l lows for me chanica l st imu lat io n o f th e s kin while
a inta ining the integrity of bot h t he cent ra l and pe-
i pheral circui ts. Such p reps have been developed for
a rval zebra fish ( Katz et al. 2021 ) and le e c h ( Pir sc hel
nd Kretzberg 2016 ), but they are very specific to the or-
ani sm al system. Studying the regenerated spinal cord
resents n ove l cha l lenges as wel l. Whi le bro ad chan g es
n p hysio logy an d be h avior h ave be en ident ifie d, lam-
 reys exhib i t s ubs tant ia l indiv idu al vari ation in ax-
na l regenerat ion. Ma thema t ica l models can a l low re-
earc her s t o explore the ran g e o f neural co nne ct ions
h at m ay b e p ossi ble in th e regen erat ed cord . This could
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h e lp r esear c her s identify whic h syst ems are crit ica l to
sp ecific b e haviors an d which may be redun dant. 

Coo rdinating co mplicat ed syst ems, espe cia l ly ones
coupled to a m ode l of the fluid envir onment, r equir es
significan t com puta t iona l power. There are st i l l a lot of
difficu lt ies in extending mech ani stic m ode ls to a siz-
able number of segm ents. Ph en om en olog ica l m ode ls
som etim es still re ly on the prescription of some physi-
c al qu antities. Several s ucces sful m ode ls provide insight
into pos sible bio-ins pire d desig n an d n on-p hysio log ica l
systems but are not v i able or testable in an experimen-
ta l sett ing with natura l lampreys ( Ijspe ert et a l. 1999 ).
Coupling m ode ls togeth er an d th en into a fluid envi-
ronment is st i l l co mpu tatio nall y expensi ve. Many mod-
e ls fin d great s ucces s in tw o dimen sion s when tryin g to
c apture critic al ph en om ena. Three-dim ensional m ode ls
may p rovide so me sol u tio ns to p roblems wi th existing
m ode ls, but wi l l add sig nifican t com plexity and intro-
duce new cha l len g es. 

Conclusion 

In this paper, we have hig hlig h ted the significan t
pr ogr ess made in the development of com puta t iona l
m ode ls of angui l lifo rm loco motio n, pa rticula rly with
the in tegra tio n o f m echan os ens ory fe e db ack. Moving
f orwa r d, we pr opose that th ese m ode ls can serve as
valuab le too ls f or ga inin g in sigh t in t o mec h ani sms of
s ucces sful s p inal co r d r egenera tion. F or exam ple, the
field o f sp inal co r d r egeneration h a s p redo mina ntly f o-
cused on molecular mech ani sms of s ucces sful regener-
ation. How ev er, w ork by Hamlet et al. (2023 ) h a s s h own
th at mech anos ens ory fe e db ack is li k ely a n importa nt
factor as we ll, an d warrants more in-depth investiga-
tio n. Addi tio n ally, a s these models have evo l ved in com-
plexit y, they c an a l low biolog ists to explo re co nne ct ions
b etween prop osed neural n etwor ks an d fun ctio nal ou t-
put in the regenerated spinal cord. 
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