Monosynaptic Connections Between Identified A and B
Photoreceptors and InterneuronsHermissenda:
Evidence for Labeled-Lines

TERRY CROW AND LIAN-MING TIAN
Department of Neurobiology and Anatomy, University of Texas Medical School, Houston, Texas 77225

Received 22 November 1999; accepted in final form 4 April 2000

Crow, Terry and Lian-Ming Tian. Monosynaptic connections betweencellular and synaptic organization of the peripheral comgo-

identified A and B photoreceptors and interneurondHgrmissenda: nents of the visual system (Alkon 1973, 1975; Alkon af

evidence for labeled-lines. NeurophysioB4: 367—-375, 2000. The cel- Fuortes 1972; Crow et al. 1979; Dennis 1967). The eyes sé

lular and synaptic organization of the eye of the nudibranch molluﬁ<
Hermissendas well-documented. The five photoreceptors within eac
eye are mutally inhibitory and can be classified into two types: A and

project to second-order neurons in the cerebropleural ganglion. Therround the terminal photoreceptor processes within the

second-order neurons receive convergent synaptic input from two agéipropleural ganglion (Akaike and Alkon 1980; Goh ar

tional sensory pathways; however, it has not been previously establispggyn 1984). The second-order neurons that are inhibited b

if lateral A, lateral B, or medial B photoreceptors converge onto the sarﬁﬁ toreceptors also received inhibition from both the hair Cé
b

second-order neurons. To determine the specific synaptic organizatio
these components of the visual system, we have examined monosynagti e statocyst and Chemose.nsory. pathways. The second
~ second-order neuron that is excited by B photoreceptor

connections between identified lateral and medial type A and B pho . e X .
receptors and second-order cerebropleural (CP) interneurons. We folRP depolarized by activation of either statocyst hair cells
that monosynaptic connections between identified lateral A and lategiiemosensory pathways (Akaike and Alkon 1980). Conv
and medial B photoreceptors and CP interneurons follow a labeled-ligence from different sensory modalities onto cerebropled
principle. lllumination of the eyes or extrinsic depolarizing current agCP) interneurons is thus well-documented; however, with {
plied to identified photoreceptors evoked excitatory and inhibitoryxception of the medial A connection with interneurons, it
postsynaptic potentials (EPSPs and IPSPs, respectively) in different §dt known whether projections from other identified A and
!nterneurons. The PSPs in CP intern_el_Jron_s follp\_/vgd one-for-one spi toreceptors converge onto the same interneurons or exl
i he procreceptrs and couk be ltedn il seaeter soiyergence to ciferent agaregates of temewrons. This s

9 nig ' P piors proj issue of functional importance since the visual systerdlef

more than one CP interneuron and expressed both excitatory and in dai . £ intrinsi dificati . lul
itory connections with the different CP interneurons. In examples whéf¥ssenaas one site of intrinsic moditications in cellular ex

a monosynaptic connection between a lateral B photoreceptor and a&ibility and synaptic efficacy produced by Pavlovian cong
interneuron was identified, lateral A, medial A, or medial B photorecefjoning (for reviews see Alkon 1989; Crow 1988; Sahley a

i

o

tors did not project to the same CP interneuron. Moreover, when cdarow 1998). Both enhanced excitability and synaptic enhan %
nections between medial B and CP interneurons were identified, latevent have been detected in identified photoreceptors withinfthe
A, medial A, and lateral B connections were not found to project to thgyes of conditioned animals (Frysztak and Crow 1994, 1997).
same CP interneuron. Similar results were obtained for a lateral A and f#d@mbrane conductances of identified type A and B photofe-
interneuron connection. These results indicate that divergent Iabeled-lieg tors have been characterized (Acosta-Urquidi and Cfow
exist between specific photoreceptors and second-order CP interneu 5: Alkon 1989: Yamoah and Crow 1994, 1996; Yamoah|et
1998), and specific conductances in identified photorecep-

and potential convergence of synaptic input from primary and secondarly
elements of the visual system must occur at sites that are postsynapt?,
the CP interneurons.

to

of neural correlates of conditioning have shown that diffgr
INTRODUCTION
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Iscrete structures that lie on the dorsal surface of the cerepg
ileural ganglion, and each contains two type A and three tyj&
based on electrophysiological and anatomical criteria. Two of the thidePhotoreceptors that can be distinguished using anatomj@l
type B and two type A photoreceptors can be further identified accordig§d electrophysiological criteria (Alkon 1973; Alkon anp3
to their medial or lateral positions within each eye. In addition to recifruortes 1972). Type B photoreceptors have been shown %o
rocal synaptic connections between photoreceptors, photoreceptors ajstite and inhibit two classes of second-order neurons that
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o
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ors have been shown to change with conditioning (Alkon etfal.
1982, 1985; Farley and Han 1997). Taken collectively, studjes

ences in the expression of cellular modifications are found
between identified photoreceptors, indicating that not all cqlls

Morphological and electrophysiologcal studies of the eyes bave the same potential for supporting plasticity (Alkon et gl.
Hermissendahave resulted in a basic understanding of th#985; Crow 1985; Frysztak and Crow 1993, 1994, 199}).
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Moreover, it is not known whether differences in conditionin§ity, CA). Electrode resistances varied between 60 and 40. M
correlates observed at the level of the primary sensory neur&tgndard intracellular recording and stimulation techniques were ¢m-
are maintained in the second-order neurons of the visual sp¥yed. IE'eCtroF’hys)'()'O%Cfi' gatalldwer:e Co”e‘?t%d 0“8!30t|h V'diOtf pe

m and in her m nen f th hw rtin tt(_a_r nstruments) and a Gou C_ zt:ll’t recor _er. |n_g e_ spikey In
LeCJnd?[iodned giirﬁulﬁg (gg)e ts of the pathway supporting tl entified A and B photoreceptors elicited by brief extrinsic current

In thi " i id that ti ulses and trains of action potentials elicited by current steps were
n his report we provide evidence that monosynaplic Coldyyjiaq in the dark through a bridge circuit. Depolarizing generajor

nections between identified type A and B photoreceptors arej@entials in identified photoreceptors were evoked by light stepq of
different aggregates of CP interneurons. In examples whergigerent intensities following appropriate periods of dark adaptatiqn.
monosynaptic connection between a lateral type B photorecepidence for monosynaptic connections between photoreceptors|ang
tor and an interneuron was identified, lateral type A, medialP interneurons was provided by postsynaptic potentials (PSPs) yvith
type A, and B photoreceptors did not project to the sanmelatively constant latencies and a one-for-one relationship betwgen
interneuron. Moreover, when connections between lateral typieotoreceptor action potentials and PSPs in both normal ASW anfl in
A or medial type B photoreceptors and CP interneurons wefW solutions containing high divalent cations (3 times'Cand 3

identified, other identified photoreceptor synaptic connectiof@€S Mg ). Additional supporting evidence for monosynaptic co
to the same interneuron were not detected. These results ctions was provided by the linear regression analysis that exam|ned

X . . . i statistical relationship between light intensity and complex PSP
vide evidence for labeled-lines between identified type A alfhplitude in CP interneurons or between light intensity and spike &nd

B photoreceptors and second-order interneurons in the CN§gitary PSP frequency in CP interneurons. Previous work has glso
Hermissenda. shown that C&*"-ASW eliminated PSPs recorded from CP intermelig
rons (Goh and Alkon 1984). Consistent with this proposal for
chemical synapse is our observation that extrinsic current injectipas
into CP interneurons did not produce voltage changes in identif
Animals photoreceptors, and electrotonic potentials below spike threshold pr@-

duced by depolarization or hyperpolarization of identified photole=.

METHODS

pBofpiRd

p

Adult Hermissenda crassicornigere used in the experiments. Thegeptors did not result in detectable voltage changes in the CP int%:
animals were obtained from Sea Life Supply, Sand City, CA angburons. Taken together, these criteria indicate that the synapli
maintained in closed artificial seawater (ASW) aquaria atI#C on  connections between identified photoreceptors and CP interneufda
a 12-h light-dark cycle. Animals were fed small pieces of scallogre chemical and monosynaptic. =
daily. All electrophysiological procedures were conducted during the =
light phase of the light/dark cycle. =3

RESULTS <

. . o [}

Intracellular recordings CP interneuron excitation S
<

Intracellular recordings from identified medial or lateral type A or In a preliminary study (data not shown) and a previo 19

type B photoreceptors and CP interneurons were collected frggport (Goh and Alkon 1984), it was shown that Lucife
isolated nervous systems. Anatomical and electrophysiological Crifﬂéllow—labeled CP interneurons did not send processes
ria were used to identify lateral or medial type A and B photorecept(;gsdau or cerebropleural nerves. In addition, we observed {

within the eyes as described previously (Alkon and Fuortes 1972; - : i
Frysztak and Crow 1994). We did not record from the intermediale mulation of pedal nerves with extrinsic current throug

type B photoreceptor since it cannot be unequivocally identified bas%ﬁcnon electrodes did not elicit antidromic Sp"‘?s In CP_lnt
on single electrode impalements. The CP interneurons were localif¥gHrons. Collectively, these results are consistent with
to a region of the cerebropleural ganglion as noted in a previol@€entification of CP neurons as interneurons, a designation
publication (Akaike and Alkon 1980). The isolated nervous systenis used in this report. Simultaneous intracellular recordi
were incubated in a protease solution (Sigma Type VIII; 0.67 mg/nftom identified type A or B photoreceptors and CP intern
5 min) and rinsed with ASW prior to the surgical desheathing of @ns revealed that illumination of the eye elicited excitato
small area of the cerebropleural ganglion to expose the cell bodiesa@fd inhibitory responses from different aggregates of CP ¢ lis,
CP interneurons. Cerebropleural interneurons were identified baseq9fne example shown in Fig. 14,light step (—1.0) elicited a|
soma size, cell layer and location in the cerebropleural ganglioﬂ‘epolarizing generator potential and increased spike frequejicy

electrophysiological responses to light and extrinsic current stimula- o :
tion, and synaptic input from identified type A and B photoreceptors. a lateral B phqtoreceptor apd a depolarlzat!on and increapseq
e frequency in the recording from the CP interneuron (Hg.

The desheathed circumesophageal nervous systems were pinne?pig . . .
a silicone elastomer (Sylgard; Dow Chemical) stage in a recording*2)- The maximum discharge of the CP interneuron corfe-

chamber filled with ASW of the following composition (mM): 460SPonded temporally to the peak of the depolarizing genergtor
NaCl, 10 KCI, 10 CaGJ, and 55 MgC}, buffered with 10 mM HEPES potential shown in Fig. 1A1. In the example shown in Fig. 181

and brought to pH 7.46 with dilute NaOH. Experiments were aldoom a different preparation, the CP interneuron was hyperpo-
conducted in high divalent cation ASW (30 mM Ca@hd 165 mM larized below threshold for spike generation. Before the pfe-
MgCl,) that raised action potential threshold, thus suppressing sp@@ntation of the light step spontaneous spikes in the latergl B
taneous activity and reducing polysynaptic activation of CP neuronshotoreceptor elicited simultaneous excitatory PSPs (EPPs
The ASW in the recording chamber was monitored by a thermisipf ihe cp interneuron with a one-for-one relationship. The light

and held at 15+ 0.5°C. lllumination of the eyes was provided by . ] ) A . )
tungsten halogen incandescent lamp attached to a fiber optic buasc}l%p elicited a 10- to 15-mV depolarization of the CP interngu

mounted underneath the recording chamber. Maximum light intens{@" exceeding the splkg-ggneratlng threshold at "’.1 peak poten
was attenuated with neutral density filters expressed in negative that corresponded in time to the peak amplitude of the
units. Identified pairs of A or B photoreceptors and CP interneuro@&nerator potential recorded from the lateral B photorecetor
were impaled with microelectrodes filled with 4m KAc and connecte($ee Fig. 1B2). During the long-lasting depolarization of the
to the two headstages of an Axoclamp 2A (Axon Instruments, Fosfeinotoreceptor following the light step and the subsequent |re-
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5 sec

10mv

cp 10 mv

5 sec

Fic. 1. Light response of a lateral B photoreceptor and cerebropleural (CP) interneuron. Simultaneous recording from a lateral
B photoreceptor (A1) and a CP interneuron (A2) in response to a 5-s light step atterdafedbg unit. The maximum
depolarization and increased spike discharge recorded from the CP interneuron corresponded in-time to the peak of the light-elicited
generator potential. Simultaneous recording from a different lateral B photoreceptor (B1) and a CP interneuron (B2) hyperpolarized
to block spontaneous spike generation (mp—77 mV). The 10-s light step attenuatee?.0 log units elicited a depolarizing
generator potential (B1) and a membrane depolarization of the CP interneuron that reached threshold for spike generation at the
peak of the generator potential (B2). Excitatory postsynaptic potentials (EPSPs) in the interneuron (B2) followed photoreceptor
action potentials one-for-one.

turn to baseline activity, EPSPs recorded from the CP interennection between the lateral B photoreceptor and the

neuron followed one-for-one spikes recorded from the lateraliBterneuron. To provide additional evidence for a monosynag

photoreceptor. Since action potentials recorded from the @ connection, simultaneous recordings were collected fr
interneurons that were not hyperpolarized often masked theeparations bathed in ASW containing high divalent catig
complex EPSP elicited by light, we measured either the nuifs times C&* and Mg *). As shown in Fig. 2Cjn the high
ber of unitary EPSPs or number of action potentials in Céftvalent cation solution a single spike elicited from a lateral
interneurons during the fir$ s of illumination of the photo- photoreceptor evoked a unitary EPSP in the CP interneu
receptors. The results of the linear regression analysis showEi). 2C2). In another example from a preparation maintain
a significant correlation between light intensity and the numbir a high divalent cation solution, a 1-s current step elicit
of spikes or EPSPs recorded from the CP interneurorns ( several spikes from the B photoreceptor (FiD12 and EPSPs
0.93;P < 0.02,n = 5). The synaptic connections between tha the CP interneuron that followed the spikes one-for-one (
lateral B photoreceptor and CP interneurons were further exg. 2D2).

amined by hyperpolarizing both neurons to block spontaneous

spike activity. In the example shown in Figh2,a single spike cp interneuron inhibition

elicited by an extrinsic current pulse in the lateral B photore-

ceptor evoked a unitary EPSP in the CP interneuron (Ag@)2  An example of a simultaneous recording from a lateral
EPSPs recorded from CP interneurons followed spikes elicitellotoreceptor and CP interneuron showing an inhibitory
by either light or extrinsic current with a relatively short angponse to light is shown in Fig.A3 The CP interneuron
constant latency. In the example shown in Figl2a 2-s exhibited a 12-mV hyperpolarization with a peak amplitug
depolarizing extrinsic current step applied to the lateral Bat corresponded in-time to the peak of the depolarizi
photoreceptor elicited EPSPs in the CP interneuron (@) 2 generator potential recorded from the lateral B photorece
that followed one-for-one the spikes in the B photoreceptdiig. 3A1). The CP interneuron in this example was sponta
These results are consistent with a direct or monosynaptigsly active and exhibited an inhibition of spike activity durin

%'88'022'01 Aq /Bi0°ABojoisAyd-ulj/:dny wouy papeojumoq
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Al B1 tary IPSPs in CP interneurons as shown in the examplg in

Fig. 3B2. In response to an extrinsic depolarizing 2-s curr

step, CP interneurons exhibited unitary IPSPs that followled

B photoreceptor spikes one-for-one (see Fig23 Synaptic

|1°'"V 10my

LB
LB

Fig. 3D. A series of 2-s depolarizing current steps applied
the lateral B photoreceptor produced brief hyperpolarizat

A2 B2 and complete inhibition of spontaneous firing of the P
cp v op |1°""’ interneuron as shown in Fig.DR. The results of experi-

ments employing illumination of the lateral B photorece
tors and stimulation with extrinsic current suggests that
(C 1 High Divalent ASW D{ High Divalent ASW inhibitory connection between the lateral B photorecep
and CP interneuron is monosynaptic. This was exami
further with preparations exposed to ASW containing hi
divalent cations (3 times G4 and M¢"). As shown in Fig.

250 msec 1sec

3E a single spike elicited by a brief current pulse in tHe
1omv g 1omv lateral B photoreceptor evoked a unitary IPSP recorded frpgy

LB the CP interneuron in high €&-Mg®* ASW (Fig. 3E2). |2
The PSPs elicited by single spikes exhibited a relativ Ig;
C2 wmy D2 |10 y short and constant latency. These results provide additigral
cp‘a_f\\‘ LA A WNVNUP RS L evidence that the inhibitory connection between the Iaterg

B photoreceptor and CP interneuron is monosynaptic.
ultaneous recordings from a total of 54 pairs of identifi

100 msec 1sec

FIG. 2. Photoreceptor action potentials elicit monosynaptic EPSPs in (EB

interneurons. A single spike produced by a 0.4-nA, 50-ms depolarizinR;ﬁc’tore(_:eptorS and C.P intemeU_rons revealed t_hat 29 exhi;
extrinsic current pulse in a lateral B photoreceptor hyperpolarized@6  ited excitatory synaptic connections and 25 pairs expresged

mV to block spontaneous firing (A1) elicited an EPSP recorded from a GRhibitory photoreceptor-CP interneuron connections. In
interneuron (A2). The CP interneuron was hyperpolarized-78 mV to dition, recordings from 114 CP interneurons revealed t

block spontaneous firing. A 0.2-nA, 2-s depolarizing extrinsic current pul o . . A .
elicited a train of action potentials recorded from a lateral B photorecept?r2 cells exhibited excitatory responses to “ght stimulati

(B1; mp = —65 mV) and EPSPs in the CP interneuron (B2) that followe@nd 52 cells inhibitory responses. Taken collectively, thdsg

the spikes one-for-one. In a high divalent cation solution (3 time5"Ca results show that there are two populations of CP intern

times Mg?*) a single spike elicited by a 50-ms, 0.5-nA pulse in the Iatequons, one of which is excited by identified photoreceptoé
Mbut and the other inhibited by monosynaptic input fro

B photoreceptor (C1) produced an EPSP recorded from the CP interneu
Membrane potential of the photoreceptor wa$1l mV and interneuron . i
—63 mV. A 1-s, 0.2-nA extrinsic current step elicited several actiofdentified photoreceptors.
potentials from the lateral B photorecept®1() and EPSPs from the CP
interneuron (D2) that followed spikes one-for-one. Preparation bathed i

high divalent cation solution as i@. rgjbeCiﬁCity of synaptic connections

the period of iIIuminatior_1 of th_e_ B photore_ceptor. Occasior}-0
ally, B photoreceptors will exhibit brief periods of membran(al
oscillation following the termination of light. As shown in Fig.jngt onto the same CP interneuron from different identifi
3A2,the CP interneuron was inhibited during the excitatoryhotoreceptors. This was examined by first establishin
phase of the oscillation and resumed spontaneous actidnaptic connection between an identified A or B photo

rs projected to different populations of CP interneurons

during the hyperpolarizing phase of the B photoreceptor oscdleptor and CP interneuron, and then testing for poten
lation (Fig. 3A1). As shown previously for the excitatontonnections with other identified A or B photoreceptors™
connections between B photoreceptors and CP interneurone results are summarized in the data shown in Tabld 1

IPSPs recorded from the CP interneuron followed one-for-omée primary connection that was examined was between

with spikes in the lateral B photoreceptor (see Fig).3Con- lateral type B photoreceptor and CP interneurons. Of the|18

sistent with the results for excitation, the regression analysiases where the connection between the lateral B phot

revealed a linear relationship and significant correlation beeptor and CP interneuron was established and other pofen
tween light intensity and the amplitude of the complex inhiktial connections were tested, there were no examples wHerg

itory PSP (IPSP) recorded in the CP interneuron=(0.97; the CP interneuron also received synaptic input from eit
P < 0.005,n = 5). lllumination of the eyes with unattenuatedhe lateral type A, medial type B, or medial type A phot
light (maximum intensity) resulted in a complex IPSP recorda@ceptor. An example of an inhibitory connection betwee

from CP interneurons with the largest amplitude (mean, 14&teral B photoreceptor and CP interneuron is shown in Hg.

mV). Light attenuated—4.0 log units resulted in a complex4A2. In this preparation, the same CP interneuron did
IPSP recorded from the CP interneurons with the smallesthibit a PSP following the elicitation of a single spike
amplitude (mean, 8.0 mV). the medial B (Fig. 82), medial A (Fig. £2) or lateral A

In neurons hyperpolarized below the threshold for spophotoreceptor (Fig. @2). Consistent with this observation
taneous spike generation, single spikes generated in lateralexamination of excitatory connections between latera| B
B photoreceptors elicited by extrinsic current evoked unphotoreceptors and CP interneurons did not reveal connec-

inhibition from lateral B photoreceptors is sufficient tp
block spontaneous activity in CP interneurons as shown in

We determined whether identified A and B photorece

ternatively, whether there is a convergence of synap

ent
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A1

LB | 10mv

an i FiG. 3. Light elicited a depolarizing genera-
tor potential recorded from a lateral B photore]

| ceptor and a hyperpolarization [complex inhib

itory postsynaptic potential (IPSP)] recorde

[10mv from a CP interneuron. Simultaneous recordin|

5 sec from a lateral B photoreceptor (Al) and a C

interneuron (A2) in response to a 7-s light step

B1 C1 attenuated-2.0 log units. The maximum hyper-
polarization in the CP interneuron (A2) corre

sponded to the peak of the generator potentipl

(A1). Large hyperpolarizing oscillations in thg

10 mV |10mV photoreceptor (Al) were associated with i}
LB creased spike discharges in the CP interneurpn

LB
(A2). A single spike elicited by a 20-ms, 0.8-nA
extrinsic current pulse in the lateral B photore
B2 C2 ceptor (B1) evoked an IPSP recorded from tHe
I,o mv 10 mv CP interneuron (B2). A 2-s, 0.2-nA extrinsig

CcP .-——)r\//_/__.— cP current pulse elicited a train of action potentialg
250 msec in the lateral B photoreceptor (C1) and IPSPs i
—_— the CP interneuron (C2) that followed the spike]

1
see one-for-one. A burst of action potentials elicited
D1 E1 by a 2-s, 0.4-nA extrinsic current pulse in thg

. ) lateral B photoreceptor (D1) produced a hype!
High Divalent ASW polarization in the CP interneuron that blocke

LB W %

D2 E2 10 mvV

CP o

25mec

cP lomv

spontaneous activity (D2mp = —60 mV). A
5 sec

A2

cpP

v

U Woly papeojumog

single spike generated by a 0.5-nA, 50-ms e
trinsic current pulse in the lateral B photoreceq
tor (E1) elicited an IPSP in the interneuron (E2|
in a high divalent cation solution, indicating tha
the inhibitory synaptic connection between th
lateral B photoreceptor and the CP interneurd
is monosynaptic.

BojoisAyd-uly:dn

10 mv
I10 mv LB |

uz

tions from other identified photoreceptors. Figuke ghows CP inteneuron from a medial B (FigB2) or a lateral A
an example for a lateral B photoreceptor-CP interneurghotoreceptor (Fig.62). We also studied in a few examplefs
excitatory connection (Fig./A2) without input to the same the specificity of connections between lateral A and med
B photoreceptors and CP interneurons. As shown in {
example where a connection between a lateral A photo

Ar uo z's£'022'0T Aq /B10R

FBA

TABLE 1. Identified photoreceptor synaptic connections with CP

1107

interneurons ceptor and CP interneuron was established (FA&R)6 con-
Test of Other Photoreceptor nections tested between a medial A (Ei@iZﬁ and lateral B
Established Connection With CP Connections With the Same ~ Photoreceptor and CP interneuron (FigcZ were not ob-
Interneuron CP Interneuron served. An examination of the group data= 21), where
Number of Connections/ potential mgltiple cqnnections could be examineq in the
Photoreceptor connections Photoreceptors  number tested same experiment, did no.t reveal one _case_qf multiple pio-
toreceptor convergence, i.e., only one identified photorecgp-
LB 18 MB 0/8 tor projected to the same CP interneuron (see Table 1).|To
LA 0/13 demonstrate that photoreceptors that did not exhibit connfec-
MA 0/2 tions with CP interneurons were healthy neurons and colild
MB 2 LB 01 . > . X
LA o1 support synaptic transmission, we examined connectlxns
MA o1 between these photoreceptors and other identified photore-
LA 1 MB 0/1 ceptors, since the photoreceptors are mutually inhibitory. As
,\';li 8/’% shown in Fig. 7A2a single spike elicited from a lateral B

photoreceptor evoked an EPSP recorded in a CP interneus-
CP, cerebropleural; LB and MB, lateral and medial type B; LA and MAION. The same CP interneuron did not receive an input from
lateral and medial type A. a lateral A photoreceptor (Fig.B2). However, stimulation
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A1 C1 Al B1 C1
LB | 10 mv Jromv MA I10 ™ Iwmv
m VA I1o mv LA LB
A2 C2 A2 B2 Cc2
10 mv 10mv
10 mv |1o mv
m cp I10mV CP-»JM‘\ CP wrtssynrinn LB A
CPMW 100 msec 100 msec 100 msec 100 meac
100 msec FIc. 6. A CP interneuron that received excitatory synaptic input from|a
lateral A photoreceptor did not receive synaptic input from a medial A for
B1 D1 lateral B photoreceptor. Simultaneous recording from a lateral A photoreceptor

and CP interneuron. A single spike generated in the lateral A photoreceptor by
a 0.4-nA, 150-ms pulse (A1) elicited an EPSP in the CP interneuron (A42).
However, a single spike generated by a 0.7-nA, 50-ms pulse in the medigl A
photoreceptor (B1) did not elicit a PSP in the same interneuron (B2), or a sindi®
spike generated by a 0.4-nA, 50-ms pulse in a lateral B photoreceptor (C1
not elicit a PSP in the same CP interneur@®). CP interneuron mp=
MB |romv LA t/,_|10mv —54 mV.

D

Sapeoju

et al. 1979). Therefore an identified photoreceptor can exh
B2 Im mv D2 |1° v a dual synaptic function, producing an EPSP in a CP intern
CP Ao CP /v~ ron and expressing an inhibitory connection to another phd
100 msec 100 msec receptor as shown in Fig. 7 and proposed by Akaike and AlK
Fic. 4. A CP interneuron that received an inhibitory synaptic connectiofl 980). However, dual synaptic projections to different C
G, e A o e A bramr Seianeeys o e WS s ot been previously established. Afer ide
ggferle?l B bhotorecéptor and a Clp3 interneueon.' A 0.4-nA, 50-ms currer?t pﬁ@éng a s_ynaptlc connection be_tween a Iatera_l B photoreceq
generated a single spike in the lateral B photoreceptor (A1) and elicited @d CP interneuron, we examined other CP interneurons f¢
IPSP in the CP interneuron (A2). In contrast, a single spike generated ipatential connection with the same lateral B photoreceptor
e bom o B et (55, o e sl oot S EXEMPIes where this was examingd € 8), the ateral B
0.6-nA, 50-ms pulse inamedialAphotorecepi@ﬂ.Idid ngoteli?:ita%SP from alhomre(.:eptor projected FO two or more CP interneurons. |
the same CP interneuron (C2), or a single spike-generated by a 0.7-nA, 50GR§Inections between a single lateral B photoreceptor and n
pulse in a lateral A photoreceptor (D1) did not elicit a PSP from the same @ple CP interneurons ranged between two and four. An exa
interneuron (D2). CP interneuron mp —60 mV. ple of an excitatory and inhibitory synaptic connection wi
of the lateral A photoreceptor elicited an IPSP recordddo different CP interneurons is shown in Fig. 8. The sin
from the lateral B photoreceptor (FigC?2). Taken collec- spike in the lateral B photoreceptor elicited an EPSP in the
tively, these results indicate that the connections betweiterneuron (Fig. 8A2) and an IPSP in a different CP intern
lateral type B photoreceptors and CP interneurons followren (Fig. 8B2). In another preparation, an example of multi
labeled-line principle, and recordings from other identifiegonnections from a lateral B photoreceptor to CP interneur
A and B photoreceptors are consistent with this type @écorded in a high divalent cation solution is shown in Fig.
organization. C2 and D2. A single spike in the lateral B photoreceptd
) o ] elicited an EPSP in one CP interneuron (Fi§g28 and an IPSP
Divergent projections to CP interneurons in a different CP interneuron (Figs. 8D2). The group ddta
It is well-documented that the different identified photoreshowed that approximately half of the connections were exci-
ceptors are mutually inhibitory (Alkon and Fuortes 1972; Crowatory (10/19) and half were inhibitory (9/19), which is similgr

Al B1 C1 FIc. 5. A CP interneuron that received an excitatory synaptic cdn-
nection from a lateral B photoreceptor did not receive detectable
synaptic input from a medial B or lateral A photoreceptor. Simultg-
neous recording from a lateral B photoreceptor and a CP interneufon.
A single spike generated in the lateral B by a 0.4-nA, 50-ms pulse (A1)

LB |10 mv MB |10 mv LA |10mv elicited an EPSP in the CP interneuron (A2). In contrast, a single sgike
generated in a medial B photoreceptor (B1) by a 0.3-nA, 50-ms pylse

A2 B2 Cc2

CPW\[\
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did not elicit a PSP recorded from the same CP interneuron (B2), qr a
single spike generated by a 0.5-nA, 50-ms pulse in a lateral A phgto-
receptor (C1) did not elicit a PSP recorded from the same CP inter-

10 mv 10mv neuron (C2). CP interneuron mp —63 mV.

cP —eop—r

10 mV
" cP anwl

100 msec 100 msec 100 msec
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A1l B1 C1 report of the identification of second-order visual neuron
was proposed, but not demonstrated, that interneurons

LB omv. g a homv 14 [1o mv was established by both extrinsic current stimulation and il

B2 C2 light stimulation of the eye, that a small IPSP recorded in

A2
cP JKI” MY CP e |1° m

250 msec

[1mv interneuron, and thus both PSPs could be produced b
common presynaptic source (photoreceptor). However, t
FIG. 7. A lateral A photoreceptor that did not exhibit a detectable connedld not present recordmgs from the putative presynaptic sou

tion to a CP interneuron that expressed a synaptic connection with a IateraEWOtoreceptor) that would account for either the IPSPs
photoreceptor, did project to an identified photoreceptor. Simultaneous recdrPSPs. Indeed, most early studies that examined the ele

LBMV

250 msec 250 msec

spike generated in the lateral B photoreceptor by a 0.5-nA, 200-ms currgRk functional sianificance of further classification of bo
pulse (Al) elicited an EPSP from a CP interneuron (A2). A single spi 9

generated by a 0.4-nA, 200-ms pulse in a lateral A photorecepigrdid not

ing from a lateral B or lateral A photoreceptor and a CP interneuron. A singtghysiology of type A and B photoreceptors did not appreci]te

lfialpes into lateral and medial photoreceptors with the excep

elicit a PSP from the same interneuron (B2). However, a spike generated HfaGoh and Alkon (1984). They showed that stimulation p

0.3-nA, 200-ms pulse in the lateral A photoreceptor (C1) did elicit an IPSedial type A photoreceptors elicited PSPs in CP interneur
recorded from the lateral B photoreceptor (C2). CP interneurorrmd9 mV  that projected to a putative motor neuron, and neither late
and B photoreceptor mp: —63 mv. type A nor unidentified type B photoreceptors produced PS

to the percentage of excitatory and inhibitory connections
found with the total sample. A1 B1

DISCUSSION

10mv 10 mVv

Synaptic organization of the visual system LB LB

The synaptic organization of thdermissendaeye is well-
documented (Alkon 1975; Alkon and Fuortes 1975). The type oo B2

A and B photoreceptors are mutually inhibitory, exhibiting an
CP2 ——dp\ o

example of lateral inhibition. The mutually inhibitory synaptic 1__4\/‘\‘.\_‘_\
connections between photoreceptors are monosynaptic basecfP
100 msec 100 msec

on both electrophysiological and morphological criteria (Alkon
and Fuortes 1972; Crow et al. 1979). In addition to inhibition 1 D1
from neighboring photoreceptors, both statocyst hair cells andC

chemosensory synaptic input to the photoreceptors has been
shown to be inhibitory (Alkon 1973; Alkon et al. 1978).
However, at the level of second-order visual neurons, different
aggregates of cells are excited and inhibited by activation of
statocyst hair cells and chemosensory neurons (Akaike and |10mv
Alkon 1980). While the photoreceptors within the eyes are LB

mutually inhibitory, there are differences in the strength of the

synaptic connections between identified type A and B photo-

receptors. Stimulation of the medial B photoreceptor with an C2 D2
extrinsic current step produced strong inhibition of spontane-

ous firing of the medial A photoreceptor in contrast to the gpy——J
modest effect of both lateral B inhibition of lateral A sponta-
neous activity (Frysztak and Crow 1993) and Iat-eral A inhibi- IG. 8. An identified photoreceptor exhibits divergent projections to agg
tion of lateral B ,phOtoreC?ptors (see F!g. 7). Previous work h es of CP interneurons. Simultaneous recording from a lateral B phot
shown that the intermediate and medial B photoreceptors pEgptor and a CP interneuron. A single spike generated by a 1-nA, 20-ms p
duced stronger inhibition of medial type A photoreceptors thama lateral B photoreceptor (A1) elicited an EPSP in the CP interneuron (4

lateral B photoreceptors (Goh and Alkon 1984). A spike generated by a 1-nA, 20-ms pulse in the same photoreceptor
elicited an IPSP from a different CP interneuron (B2). The divergent conn

tions from single identified photoreceptors to CP interneurons are monos

Labeled-lines aptic. Simultaneous recording from a lateral B photoreceptor and a CP in
neuron in high divalent cation artificial seawater (ASW). A spike evoked by

While there is convergence from different sensory syster$-nA, 50-ms pulse from a lateral B photoreceptor bathed in a high dival
onto the same second-order neurons (Akaike and Alkon 19?%t,ion solution (C1) elicited an EPSP in the CP interneuron (C2). A sp

. : s nerated by a 0.5-nA, 50-ms pulse in the same lateral B photoreceptor b4
the issue of convergent or divergent synaptic input to seco a high divalent cation solution (D1) elicited an IPSP in a different

order visual neurons from all the identified photoreceptors h@g&rneuron (D2). CP interneuron mp —62 mV (A2), —61 mV (B2), —63
not been previously addressed Hiermissenda. In the initial mv (C2), and—56 mV (D2).

10 mv 10mv

High Divalent ASW High Divalent ASW

I1O mV
LB

10 mv 10 mV
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we have evidence that identified lateral type B photoreceptdases following conditioning. Although not specifically identit
have monosynaptic connections to multiple CP interneurofisd as medial B photoreceptors, Alkon et al. (1985) propoged
that do not receive synaptic input from other identified A anthat medial B photoreceptors exhibited an increase in the
B photoreceptors. Consistent with this observation is the findmplitude of light-elicited generator potentials (West et al.
ing that lateral A photoreceptors project to CP interneurons tHe882) and an increase in light-elicited spike frequency folloyv-
do not receive synaptic input from either medial A, lateral Bng conditioning (Farley and Alkon 1982). Moreover, in corn-
or medial B photoreceptors. The few examples of medial @tioned animals, lateral B photoreceptors express a decre

Thus our results indicate that identified A and B photoreceptdrem neighboring photoreceptors (Crow 1985). In additio
project to different aggregates of second-order visual interndateral A_photoreceptors of conditioned animals _exhibit

different branches of a single neuron to different postsynaptignaptic projections to CP interneurons (Goh and Alkon 19
target neurons (for representative examples see Blitz and NWkis study showed that stimulation of medial A photorecept
baum 1999; Kandel et al. 1967). In a number of examples with light or extrinsic current produced excitation of CP inte
these systems, the same neurotransmitter produces both inkdrons and depolarization of a putative motor neuron (MN
bition and excitation in different postsynaptic targets (Kand& was further proposed that type B inhibition of the medial
et al. 1967; Strumwasser 1962; Tauc and Gerschenfeld 19Giotoreceptor during light stimulation would result in a de-
In Aplysia, action potentials in interneuron L10 produces arease in excitatory synaptic input to MN1, which potential

follower cell L3 (for review see Kandel and Gardner 1972)While lateral typeAand unidentified type B photoreceptors
Previous work irHermissendaeported two different synaptic not elicit PSPs in the CP interneurons that projected to MN\:
actions of different branches of a B photoreceptor (Akaike arf@oh and Alkon 1984), projections from other CP interneur
Alkon 1980); an action potential in a type B photoreceptap MN1 were not examined. In addition, projections from oth
evoked an EPSP in a central visual neuron and an IPSPidentified photoreceptors to CP interneurons and putative
neighboring photoreceptors. The dual synaptic actions of phtor neurons were also not established. Moreover, the syn
toreceptor branches is likely mediated by acetylcholine, thgput to MN1 from other CP interneurons or different aggr
only transmitter identified in the eyes (Heldman et al. 1979). bpates of CP interneurons has not been thoroughly investig
this paper we show that the divergence of synaptic input fromWe previously reported that the lateral type A photorecep!
photoreceptors to second-order interneurons is more extensigethe only A photoreceptor type that encodes for the pairi
A type B photoreceptor has been shown to project to as maspecificity of the CS and unconditioned stimulus (US) (Fry
as four CP interneurons in addition to the multiple inhibitoryak and Crow 1993). Therefore the CP interneurons that rg
synaptic connections to different photoreceptors within theeive synaptic input from the lateral A photoreceptors wo e
Hermissendaye (see Figs. 7 and 8). This finding can explaihave information concerning pairing speC|f|C|ty Howev ro
the observation of Goh and Alkon (1984), that PSPs recordedural correlates of conditioning detected in putative mofd,
from pedal neuron MN1 during stimulation of the medial Aeurons are not consistent with the hypothesis that typg &
photoreceptor and CP interneuron occurred with greater frghotoreceptor activity is the only critical event in phototace-
quency than the number of spikes in the CP interneurasyppression (Hodgson and Crow 1992). Studies have show
suggesting the contribution of other interneurons. The analy#ist CS-elicited activity recorded from pedal neurons or myii2
of the synaptic actions mediated by different branches oftianit activity recorded from pedal nerves is reduced below the'
single identified photoreceptor has revealed that approximatélkyquency of spontaneous activity recorded in the dark (Crpw
half are excitatory connections to CP interneurons, and half &@31; Hodgson and Crow 1991, 1992; Richards and Farney

(V4

inhibitory. 1987). Because type A photoreceptors do not discharge agtion
potentials spontaneously in the dark, their activity in response

Functional implications of divergent photoreceptor to Iighi cannot be .Iess than their activity in the dgik. Takén

projections collectively, the evidence suggests that both identified typg B

and type A photoreceptors may contribute to alterations in the
Cellular neurophysiological studies of the visual system afctivity of target neurons contributing to the circuitry contrg
conditionedHermissendaave identified several examples ofing muco-ciliary locomotion.
modifications in excitability extrinsic to both type A and B The divergence of identified photoreceptor projections |to
photoreceptors (Alkon et al. 1982, 1985; Crow 1985; Crow argpecific interneuronal aggregates may provide for the opgor-
Alkon 1980; Farley and Alkon 1982; Farley et al. 1990), antlinity to maintain the differential expression of correlates pf
changes in synaptic efficacy between identified photoreceptanditioning in the different A and B photoreceptors at the
synapses (Frysztak and Crow 1994, 1997; Gandhi and Matllel of second-order neurons. Such an organization wopld
1999). There is now considerable evidence that specific ideilow plasticity intrinsic to some elements of the visual systgm
tified photoreceptors express different types of cellular corr® be processed at postsynaptic targets separate and pafallel
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from elements of the visual system responsible for normal ligftRLEY J, RcHArRDs WG, aND GROVER LM. Associative learning causes

intensity discriminations. We are currently investigating the changes intrinsic tdermissendaype A photoreceptorsBehav Neurosci

postsynaptic targets of the CP interneurons to determiigé04' 135-152, 1990. . . .
hether this di t izati . intained at the | Fivszm( RJanD Crow T. Differential expression of correlates of condition

whether this divergen orggnlza lon IS mam,ame at the leve ng in identified medial and lateral type A-photoreceptorddefmissenda.

of motor neurons supporting foot contraction and/or muco-j Neuroscil3: 2889—2897, 1993.

ciliary locomotion. FryszTak RJ AND Crow T. Enhancement of type B and A photoreceptq

inhibitory synaptic connections in conditionettrmissenda. J Neurost#:
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