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The present deliverable consists of 2 differenttiges; the first deals with the mechanism of
behaviour in the basal ganglidhe second with the visuomotor contrdhe first is made by three
manuscripts, while the second is made by one ardiet one poster.

The presented results are produced thanks to theriexental activity carried out during the third
year of the LAMPETRA project. This type of delivbla was also adopted in other FET projects
(such as NEUROBOTIC), in which the KI partner haaborated.
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transmission between fast-spiking interneurons stnidtal projection neurons of the direct and
indirect pathways.

Ericsson J., G. Silberberg, B. Robertson, MA Wikstr S. Grillner (2011)Striatal cellular
properties conserved from lampreys to mammals.

Stephenson-Jones M, E. Samuelsson, J. Ericssétgligrison and S. Grillner (201Eyvolutionary
conservation of the basal ganglia as a common bt mechanism for action selection.
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Jones, M., S. Grillner, B. Robertson (200®glective projection patterns from subtypes oheaét
ganglion cells to tectum and pretectum: distributand relation to behaviour. J of Comparative
Neurology 517:257-275.
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1. Introduction: Dynamics of synaptic transmission between fast-
spiking interneurons and striatal projection neurons of the direct
and indirect pathways

The striatum plays a major role in motor learning & determining the pattern of behavior that is
selected at any given time in all vertebrates (Giglyet al., 1994; Barnes et al., 2005; Grillner et
al., 2005; McHaffie et al., 2005). It receives cerging glutamatergic input from cortex and
thalamus, dopaminergic projections from substanigra pars compacta, as well as selective
GABAergic input from the external pallidum (Bevahad., 1998), all of which interact with the
primarily GABAergic intrinsic striatal microcircujy. The striatal microcircuit consists mostly of
GABAergic neurons, of which medium spiny neuronsS¥4), the projection neurons, constitute
the vast majority (Wilson and Groves, 1980; Grandland DiFiglia, 1985). Synaptic connectivity
between MSNs has long been predicted from theiphaogy (Wilson and Groves, 1980) and in
recent years was confirmed at the electrophysioldevel (Czubayko and Plenz, 2002; Tunstall et
al., 2002; Koo s et al., 2004; Venance et al.,420@cuapetla et al., 2007, 2009; Taverna et al.,
2008). Synaptic connectivity between MSNs is sp&@aibayko and Plenz, 2002; Tunstall et al.,
2002; Koo" s et al.,, 2004; Venance et al., 2004efra et al., 2008) and formed mainly on
dendritic shafts and spines (Wilson and GrovesQ1$®mogyi et al., 1981). MSNs also receive
strong GABAergic input from the different typesinterneurons, with input from fast spiking (FS)
cells mainly targeted to the soma and perisomations (Kita et al., 1990; Bennett and Bolam,
1994; Koo” s and Tepper, 1999; Taverna et al., 007

The connectivity between MSNs of the direct (stiégral) and indirect (striatopallidal) pathways
was recently reported (Taverna et al., 2008), shgwi higher prevalence of connections formed by
striatopallidal neurons onto target MSNs than thimsemed by striatonigral MSNs. MSNs of the
two pathways also differ in the long-term synapglasticity of glutamatergic inputs and their
dopaminergic modulation (Surmeier et al.,, 2007; C#yal., 2008). However, the short-term
plasticity of afferent excitatory inputs does ndaffed significantly between direct- and indirect-
pathway MSNs (Ding et al., 2008). In the striatu@ABAergic connectivity between MSNs is
assumed to have a different functional role than@ABAergic synapses from interneurons onto
MSNs (Koo” s and Tepper, 1999; Koo™ s et al., 20Bdstafson et al., 2006; Tecuapetla et al.,
2007), with the latter suggested to mediate feeddad inhibition after cortical activation (Mallet
et al., 2005). To understand the function of thesspective intrastriatal synaptic pathways, it is
necessary to determine their dynamic propertieshamdthey differ across cell types. In this study,
we analyzed the dynamic properties of synapsesdagtvidentified neuronal pairs in the rodent
striatum, in particular the lateral connectionswesin striatonigral and striatopallidal MSNs, and
the synaptic connections they receive from FS meterons. These results have been partly reported
in abstract form (Planert et al., 2008).
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1.1 Materials and Methods

1.1.1 Slice preparation and recordings

All experiments were performed according to théelines of the Stockholm municipal
committee for animal experiments. Parasagittal@rdnal slices were obtained from rats and mice
(postnatal days 14-18 and 21-36, respectively). distinguish between striatonigral and
striatopallidal MSNs, we used transgenic BAC migpressing enhanced green fluorescent protein
(EGFP) inD1 MSNs (Wang et al., 2006b). Slices warein ice-cold extracellular solution, kept at
35°C for 30 min, and then moved to room temperatugére recordings. Whole-cell patch
recordings were obtained from striatal neurons &traperature of 35 + 0.5°C. Neurons were
visualized using infrared— differential interferencontrast (IR-DIC) microscopy (Zeiss FS
Axioskop). Recorded neurons were selected visuatlg up to four neighboring neurons with
lateral somatic distances <100 um were simultarigasasorded (see Fig.AlB). In experiments in
which striatonigral MSNs were labeled, we used acomy lamp (HBO 100; Zeiss) mounted on the
same microscope and a fluorescent filter cube (gered, depending on the use of GFP or
fluorescent beads) to determine the subtype of M3INd then switched to IR-DIC to perform
whole-cell recordings. Classification of nonlabeM&Ns and interneurons was performed during
electrophysiological recordings and, when performeetified by morphological staining. The
extracellular solution (both for cutting and reaag) contained the following (in mM): 125 NacCl,
25 glucose, 25 NaHCD?2.5 KCI, 2 CaCJ, 1.25 NaHPO,, 1 MgChL. Recordings were amplified
using Axoclamp 2B or MultiClamp 700B amplifiers (Maoular Devices), filtered at 2 kHz,
digitized (5-20 kHz) using ITC-18 (InstruTECH), amagdquired using Igor Pro (Wavemetrics).
Patch pipettes were pulled with a Flaming/Brown nopepette puller P-97 (Sutter Instrument) and
had an initial resistance of 5—-1@M containing the following (in mM): 110 K-gluconat&0 KCI,

10 HEPES, 4 Mg-ATP, 0.3 GTP, 10 phosphocreating imma subset of neurons 0.4—0.5% biocytin.
A subset of experiments in retrogradely labeled states was performed with higher internal
chloride concentrations, with either 20 mM K-gluataand 100 mM KCI, or 105 mM K-gluconate
and 30 mM KCI. The latter concentrations were usedll experiments in mice. Liquid junction
potential (~10 mV) was not corrected for in anytieé recordings. Recordings were performed both
in current- and voltage-clamp mode, with accessstasxe compensated throughout the
experiments. Recordings were discarded when acesissance increased beyond 3%

1.1.2 Retrograde labeling

Striatonigral neurons were labeled by stereotattjection of fluorescent latex microspheres
(Lumafluor) into the substantia nigra pars retitalaf juvenile rats (postnatal day 12). The beads
are transported retrogradely by the axons thatitete at the site of injection. The injection
procedure has been described in detail previousty Be” et al., 2007). In short, rats were
anesthetized with an intraperitoneal injection ofmaxture of Fentanyl (Fentanyl; B. Braun
Melsungen) and medetomidine (Domitor; Orion Pharrddyited in 0.9% saline and administered
at a final dose of 300ug/kg. The smooth surfacehef skull was pierced with a 20 gauge
Microlance syringe (BD Biosciences), and red mipleses were injected with a Hamilton syringe
at a volume of 0.4 ul over 1 min. Stereotactic dowates were as follows: 2.2 mm lateral from
midline, 1.1 mm anterior to lambda, and 6.9 mm Wetloe skull surface. To allow diffusion of the
solution from the injection site, the syringe wef at the place of injection for at least 5 min.
Bupivacain (Marcain; 2.5 mg/ml; AstraZeneca) wasduas local anesthetic before the wound was
closed with chirurgical glue (Histoacryl; Aesculaphe analgesic karprofen (Rimadyl; Pfizer) was
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administered subcutaneously at 5 mg/kg, and tlsewate awakened with intraperitoneal injections
of a mixture of atipamezole (Antisedan; Orion Phari mg/kg) and naloxone (0.1 mg/kg), diluted
in 0.9% saline. After surgery, the pups were reddrto their mother’s cage. Slices were visualized
under fluorescent microscopy, and only slices inctiithe striatum was clearly labeled were used
for electrophysiological recordings.

1.1.3 Stimulation protocols and analysis

Recorded neurons were subject to various stimulapimtocols to determine the synaptic and

intrinsic electrical properties. Synaptic connectiavere identified and characterized by stimulation
of a presynaptic cell with a train (10, 20, 40,76rHz) of eight strong and brief current pulse$-0.

2 nA; 3 ms), followed by a so-called recovery fasise between 500 and 600 ms after the train, all
reliably eliciting action potentials (APs). Postaptic neurons were held near -80 mV to ensure
depolarizing responses to GABAergic synapses. Ratyais of synaptic properties, the average

postsynaptic trace of 20 sweeps was examined ®eeflistence of synaptic responses. Synaptic
responses were obtained in current-clamp and \@ittegmp modes, and in both cases exhibited
similar dynamic properties. Parameters describimgdynamics of recorded synapses included the
synaptic utilization parameter (U) (equivalent tee taverage release probability) and the time
constants of recovery from depression (D) and ifatibn ( F). These parameters were extracted
using the model for synaptic dynamics as previodglycribed (Markram et al., 1998; Tsodyks et

al., 1998). Amplitudes of postsynaptic responses caiculated from postsynaptic responses to
presynaptic depolarizing pulses. To extract coresunplitudes of postsynaptic responses lying on
the decay phase of previous responses, the syrdgiay was fitted by an exponential curve and
subtracted. The amplitude of the postsynaptic mespoPSPn, is a product of the fraction of

available resources, Rn, and a facilitating utilaa factor, un, scaled by the absolute synaptic
efficacy,4se, as follows:

PSPn =A5eRnuH,, (1)

The utilization factor is increased by each AP dadays back toward U in the time between,AP
tis;. This process is described by utilization of theagptic efficiency in the first AP (u=U), and the
recovery time constant from facilitation, F, adduals:

Un+1 = um exp(-tisi /F) + U(1- un exp(-tist /F)). (2)

Each AP uses the fraction un from the synapticuess, Rn, which then recovers to a value of 1 at
rate of D as follows:

Rn+1=Rn(1- U ) exp(- tsi /D) +1- exp(isi /D). (3)

The model parameters describing each of the ardilyaenections were extracted from the average
synaptic responses.

1.1.4 Morphological staining
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Slices in which recorded cells were biocytin fillagre fixed in 0.1 M phosphate buffer (PB)
containing 4% paraformaldehyde overnight before stagning procedure. Slices stained for light
microscopy were first incubated with 0.6% H202 iathanol, rinsed in 0.01 M PBS, and thereafter
incubated with the ABC elite kit (Vector Laborats) for 3 h. The ABC complex was diluted with
0.3% Triton X-100 in 0.1 M PB. After rinsing with@. M PBS, the slices were incubated with
DAB (The ImmPACT DAB kit; Vector Laboratories) f@g~—10 min. Slices were then mounted on
gelatin-coated slides, dehydrated, cleared in xyland coverslipped with DPX (dibutylphthalate
polystyrene xylene) (Sigma-Aldrich). Slices used ftuorescent microscopy were incubated
overnight with streptavidin-Cy2 (1:100@ckson Immuno Research Laboratories); dilutedinvD
PB containing 1% Triton X-100. In between all expemtal procedures, slices were washed with
0.01MPBS. Finally, they were placed on slides,téetliry, and thereafter mounted with glycerol
containing 2.5% diazabicyclooctane (Sigma-Aldriahyl stored at -20°C.

-a MSN
—A— FS
-70_
>
IS
-804
_90_

I 1
-200 -100 O 100
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Figure 1. Patch recordings fromMSNand FS striatal neuroAsInfrared microscopy image of a multineuron patch
experimentB, Biocytin-filled pair of MSNs (rat; 18 d of agelamed for light microscopy. The enlarged ima@e )
shows dendritic spines characteristic of MSNG5. FS interneuron, biocytin loaded and stained flrofescent
microscopy with aspiny beaded dendrites (rat; 16f dige)D, Example of the current—voltage relationship obési
from an MSN (black squares) and FS cell (red trlaa Note the rectification in the MSN, apparaotf the change
in curve slopeE, Response of an MSN to increasing step curreatiigns showing the rectification in hyperpolarized
steps, as well as characteristic ramp and delayxeding the action potentiak, A typical response of an FS cell to the
same stimulation protocol as iy, showing high discharge rate, nonaccommodatinghdisge pattern, and the fast and
deep afterhyperpolarization. Scale bars, 25um.

1.2 Results

Classification of recorded neurons
We recorded simultaneously from pairs, tripletsg gmadruplets of neighboring (within 100 pum
lateral somatic distance) striatal neurons (Fig=CRA The first set of experiments was performed in
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rat striatal slices, in which neurons were not fescently labeled; therefore, differentiation could
be done only between MSNs and interneurons. Tcerdiftiate between direct- and indirect-
pathway MSNs, we then used two complementary methibubrescent retrograde labeling in rats
and slices from BAC transgenic EGFP mice. Classio:m of MSNs or FS cells was done
according to their electrical properties and, wperformed, morphological staining. MSNs and FS
cells were unambiguously distinguished from eadteioby their voltage responses to depolarizing
and hyperpolarizing current steps (Kawaguchi etl&@95; Koo” s and Tepper, 1999; Taverna et al.,
2007). The majority of recorded neurons were MStgracterized by a hyperpolarized resting
membrane potential, strong inward rectificationg(FiD,E), depolarizing ramp response for near-
threshold current steps, typical discharge resp{ffige 1E), and spiny dendrites (Fig. 1B). FS cells
were characterized by their nonaccommodating outtesting” (Gupta et al., 2000) discharge
patterns (Fig. 1F), high discharge rate, fast a®pdafterhyperpolarization, narrow APs, and aspiny
dendrites (Fig. 1C).

Synaptic connections onto MSNs in rat striatum

Synaptic connectivity was examined for all recordediron pairs by evoking APs in presynaptic
neurons by brief current injections (see Materaald Methods) and recording the responses in the
other simultaneously recorded neurons. Synaptjmoreses in postsynaptic MSNs were measured at
a membrane potential near -80 mV, both in curremt @oltage clamp. Synaptic responses were
recorded within the first 30 min after achievingnole-cell recording, and in most cases no
apparent rundown was observed within that time &amm rat slices, connectivity between MSNs
was sparse (20%; n = 40 of 202 of tested MSN pawog)pared with connections from FS cells to
MSNs (74%; n = 29 of 39). Apart from a single ca$every weak electrical coupling (coupling
coefficient,<0.3%), all connections formed onto MsSSMere unidirectional. Synaptic strength
differed between the two types of connections, mneds as the amplitude of the first synaptic
response (PSP) in the train (Fig. 2)#8SN connections were more than three times lafygn t
MSN — MSN ones, with an average amplitude of 1.52mV(#21anging from 0.1 to 7.7 mV;
n=31) compared with 0.45 mV (x0.27; range, 0.07+I®/; n = 23; p = 0.02, Student’s t test)

(Fig. 2C, Table 1). To assess differences in relga®bability between the two pathways, we
performed a paired-pulse analysis, in which thelduge ratio of the second and first responses in
the train was calculated for a 50ms interval. Bpttthways displayed on average paired-pulse
depression; however, in MSNMSN connections, the range of paired-pulse ratias much larger
than in FS>MSN connections (0.88 + 0.54; range, 0.28 —2.6; mamed with 0.64 + 0.20, ranging
0.25-0.90, respectively) (Fig. 2D, Table 1). Paipeitbe facilitation was observed in seven
MSN—MSN connections (see example in Fig. 2A, middlecdjabut never in FSMSN
connections.

Differential synaptic dynamics

The variability observed in the paired-pulse prtipsrof MSN—~MSNconnections suggested that,
in these synapses, facilitation and depression pékee simultaneously and underlie the observed
dynamics. To extract these properties, we usedeagrhenological model for synaptic dynamics
that captures a wide range of synaptic activityetelence (Markram et al., 1998; Tsodyks et al.,
1998) and is relatively simple to apply to expemta¢ data (see Materials and Methods). The
commonly used protocol for this analysis is an A&nt followed by a recovery test pulse (see
Materials and Methods) (Fig. 3). Interestingly, tieeovery test pulse revealed a large difference
between the two pathways, in which connections eetwMSNSs displayed strong facilitation
(>50% increase) compared with the depression obdaerv FS-MSN synapses (Fig. 3C,D). The
facilitation ratio between the recovery response e first PSP in MSN>MSN connections was
1.51 (#1.1; ranging between 0.58 and 5.37). Regoxesponse facilitation was observed in most
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(22 of 31) of these connections, in sharp contimshe FS-MSN connections, which displayed
depression in all cases (amplitude ratio, 0.632+ &nge, 0.24-0.95; n = 23). The facilitation loé t
recovery test response was present at differemt frequencies (Fig. 3A) and at both current- and
voltage-clamp recording configurations (Fid®)3We then used the measured synaptic amplitudes
to extract the model parameters quantifying theaptin dynamics (see Materials and Methods), in
particular the time constants for facilitatidf) @nd depressiorD|. The relationship between these
two time constants determines whether a synapdepressingld > F), facilitating > D), or is
governed by both processd3 { F). The respective time constants were extracte@lfanalyzed
synapses and showed clear separation between thdéypgs of synapses (FIQEB Whereas
FS—MSN synapses were purely depressing, with a veoyt $h(53+53 ms, ranging from 1 to 160
ms), a much longeD (902 + 954 ms; range, 238-4332 ms), and a si@l ratio of 0.16,
MSN—MSN synapses had a clear facilitatory componenagsimle depression, as evident from
their respective time constants, 859 + 1009 msD, 222 +189 ms) and the hid#D ratio of 4.76
(Fig. 3F). The dynamics of the different connections wasilar when recorded in voltage- or
current-clamp modes, with apparent depression irFMSIN connections, and a facilitatory
component in MSN-MSN connections (FigB)3 MSN-MSN connections differed only slightly
between the two recording configurations, with &rdase in the recovery test response (RTR)
facilitation ratio in current traces (1.08 £ 0.Z899 £0.32;n = 6). Our data show that MSN-MSN
connections are sparser, smaller, and more divr@e connections from FS to MSNs. One
possible explanation for this diversity is the dign of MSNs into two differently projecting
subpopulations, namely, the striatonigral and tpallidal MSNSs.

To identify MSNs according to their projection typee used two alternative methods, retrograde
labeling of striatonigral MSNs with fluorescent Heaand transgenic EGFP mice (see Materials and
Methods) (Fig. 4). In retrogradely labeled rat estic we simultaneously recorded from labeled
(dMSN, for putative direct-pathway MSNs) and neartonlabeled (iMSN, for putative indirect-
pathway MSNs) neurons (FigA4C). Retrogradely labeled neurons were all MSNs, agigd by
their electrical properties. In retrogradely laldedices, we recorded from a total of 83 pairsf 8 o
which had synaptic connections (6 connections bEtwdSNs and 2 from FS to MSNs). Both
MSN types also received synaptic connections froesymaptic iIMSNs (IMSN>IMSN, 2 of 14;
IMSN—dMSN, 3 of 10), and 1 connection was found betwd#d$Ns (dAMSN-dMSN, 1 of 13).
From the six MSN-MSN connections, four had fadilda of the test response, and two were
depressing connections (average amplitude ratid+43%; n=6). Labeled and nonlabeled MSNs
received synapses from FS cells (one of one>88SN and one of one FSIMSN connected
pairs), both of which were depressing connectiovit) a clear decrease in the amplitude of the
recovery test response (67 and 77% of first PSPexively).
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Figure 2. Synaptic connections formed by MSNs and FS ceitsMBNs. A, Two examples of synaptic connectieityden
MSNSs. The presynaptic MSN was stimulated with &12Qrain of action potentials (top trace; black) capostsynaptic
responses (bottom traces; blue) were recorded istgymaptic MSNs. The middle trace shows a fadilgasynaptic
response, whereas the bottom one is of a depresgmapse, recorded from a different MSN. B, Syoagatnnectivity from
FS to MSN. An example of divergent connection arkS interneuron (green) onto two target MSNsland black). C,
Synaptic amplitude of the two types of synapsessuned at the first synaptic response in the tréinSN-MSN
connections in black, n 31; FS—MSN in gray, n 28 difference was significant, with p 0.02, Stiiderntest. D, Paired-
pulse depression in the respective pathways, asilzdéd from the amplitudes of the first and secagponses ( p 0.03, t
test). The average paired-pulse ratio of MSN-MSltspwas larger because of the occurrence of depmgssand
facilitating synapses, which were absent in FS—M8Mections. *p<0.05, Student’s t test. Error bardicate SEM.

Connectivity of identified MSNs in mouse striatum

As an additional independent method for identifyM§N subpopulations, we used transgenic mice
expressing EGFP in dMSNs (Wang et al., 2006b). \@ended from labeled and nonlabeled
neighboring neurons in slices of D1-EGFP mice (Skderials and Methods) (Fig.D4F) and
found synaptic interactions in 23 of 294 MSN-MSHKtéel connections (Fig. 5). From these MSN-
MSN connections, a majority (74%; 17 of 23) wasnfrpresynaptic iIMSNs and 6 connections
(26%) had a presynaptic dMSN (for synaptic propsttisee Table 1). The connections from
dMSNSs did not have significantly different ampliegdthan those from iIMSNs (0.28 and 0.39 mV,
respectively;p = 0.55,t test). These connections displayed recovery teditéion (110 £ 47%;
ranging from 62 to 170% = 6), with two (of three) facilitating dMSNIMSN connections and
one facilitating dMSN->-dMSN connection (the three others were depressingpses). iIMSNs
formed connections onto dMSNs (13%3= 10 of 80 pairs) and iIMSNs (23%;= 7 of 31 pairs),
both of which had depressing and facilitating syee(Fig. B). The connections from iMSNs onto
the two types of target cells were not significamtifferent in their amplitude (0.27 £ 0.09 and®.4
+ 0.44 mV, respectivelyp=0.17, t test), paired-pulse ratio (of 111+59 and 95+48%40.67),
recovery test facilitation (151+64 and 139 = 6996; 0.98) (Fig. ®), as well as the utilization
factor U) (0.36 + 0.18 and 0.34 + 0.1p;= 0.82). In these connections, with presynaptic NdS
the type of postsynaptic MSNs did not determinedip@amics of the synaptic connection, as we
saw in two cases in which a dMSN received both @essing and a facilitating connection from
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two different iIMSNs (Fig. B). In two separate cases, the same presynaptic iNi@Nacted a
dMSN and an IMSN with facilitating synapses, shayvthat the individual presynaptic MSN, but
not the MSN type, determined the synaptic dynamidbe connection (see example in Fi§).5

Deliverable D2.3 05/09/2011

Homogenous inhibition of both MSN subpopulations byrS cells

As in rat striatum, FSMSN connectivity recorded in mice had higher premak than
MSN—MSN connectivity (78%14 of 18; compared with 10%, 23 of 227), larger hiuge (4.21
+3.9mV; 0.41 £ 0.35 mVp < 0.001, Student’stest), and displayed only depressing dynamics.

Tahle 1. Properties of synaptic connections between MSNs and FS cells

Connection Paired-pulse ratio Recovery test ratio Depression time Facilitation time Synaptic utilization
probability (%; n/N pairs) Amplitude (mV) (2nd/1st response) (RTR/1st response) constant (D) (ms) constant (F) (ms) factor (U)
Rat
MSN—MSN 20%; 40/202 0.45=*0.27 0.88 = 0.54 151 £ 1.10 222 + 189 859 + 1009 04201
FS—MSN 74%; 29/39 1.52 = 2.37 0.64 = 0.20 0.63 =02 902 + 954 53+53 029 +0.19
GFP mice
D1-D1 7%; 3/43 0.24 = 0.15 0.91 = 0.63 1.23 + 0.50 192 + 114 1266 + 1427 039+ 022
D1-D2 4.5%; 3/66 033 £ 0.15 0.84 = 030 1.16 = 0.29 9% 9 313 =363 0.46 = 0.24
D2-D1 13%; 10/80 0.27 = 0.09 11206 1.51 £ 0.64 365 = 47 570 =783 036 +0.18
D2-D2 23%; 7/31 0.45 = 0.44 0.95 = 048 1.39 = 0.69 149 + 90 1462 = 1800 034+0.19
Fs-D1 89%; 8/9 4849 0.62 = 0.12 0.72 = 0.08 740 = 350 124 0.24 = 0.07
Fs-D2 67%; 6/9 314 0.66 = 0.14 0.63 = 0.19 850 = 500 45+ 27 0.23 = 0.07
The table presents a summary of the properties of synaptic connections formed between MSNs and FS cells. Data are presented as mean + SD.
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Figure 3. Differential synaptic dynamics of feedback and fesdard connectionsA, An example of converging MSN—
MSN connectivity. A postsynaptic MSN (M3) receidizelct connections from two neighboring MSNs (M3 &n2).
The connection was tested in different train fregpies (10, 20, 40 Hz trains of 8 action potentiadslowing frequency-
dependent depression and facilitation. Note theease in amplitude of the recovery test responsadtkd by blue
arrows), revealing the underlying facilitatory cooment.B, Examples of divergent synaptic connectivity filegto

two neighboring MSNs as recorded in voltage clamgal ¢races, bottom). Note the depression of thevexy test
response after 0.55 s after a 20 Hz train. Thettapes are of the same connections aéimcquired in voltage-clamp
mode.C, MSNs receive different types of input from nedgimy MSNs and FS cells. Two examples of synaptic
responses to 20 Hz trains (green) and a recovesparse are depicted. Note the facilitation of theovery response
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in the MSN>MSN connection (black) compared with the depressibthe FS>MSN response (redpD, Average
responses of all analyzed connections normalizadeé@amplitude of the first PSP (FS—MSN connectioned, n_23;
MSN-MSN in black, n_31F, Facilitation and depression time constants of atlalyzed connections are plotted
against each other in a logarithmic plot. The dashiee represents the F=D curve, showing that é-+MSN, but not
all MSN—-MSN connections, were depressifg.The synaptic dynamics of the two connection tgpessignificantly
different, as seen by the values of the time catssfar facilitation ( F) and depression ( D), atitk ratio (right bar
graph). ***p<0.001, Student’s t test. Error barsditate SEM

The high connection probability, combined with ti@mogeneity in dynamic properties, suggested
that both direct- and indirect-pathway MSNs areilsirty inhibited by FS interneurons. Indeed,
both IMSNs (67%n = 6 of 9) and dMSNs (89% = 8 of 9) received inhibitory connections from
FS cells with very similar dynamic properties. Morer, in two experiments, we found individual
FS cells forming divergent connections on both MtyNes (one example depicted in Figh)6
further suggesting unspecific inhibition mediategg BS cells. The synaptic properties of
FS—dMSN and FS->IMSN were not significantly different in terms dfeir amplitudes (4.8 + 4.9,
n=8; and 3.1 £ 4.1n = 6), paired-pulse depression (62 = 12 and 66t14é6pvery test response
(7218 and 63+19%), and dynamic model parametdr0(24 + 0.07 and 0.23 + 0.0, 0.74 +
0.35and 0.85+ 0.5 §, 3.1 + 2.4 and 4.5 £ 2.7 ms) (FiB,&, Table 1). These data show that both
MSN subpopulations receive ubiquitous and homogemeanhibition from FS cells, which is,
moreover, mediated by the same pool of presynapgeneurons.

Figure 4. Fluorescent identification of direct-pathway MSNs. A, Retrograde labeling of rat striatonigral MSNs by
injection of fluorescent beads into the substantia nigra pars reticulata. The beads are transported by the axons to
the cell bodies and can then be visualized under fluorescence microscopy. B, Individual striatal neurons after
retrograde labeling. The red arrows designate retrogradely labeled striatonigral MSNs, and the white arrows show
the position of unlabeled neurons, which are MSNs or interneurons. C, The same neurons as in B under infrared
microscopy. D, Confocal image of the striatum and substantia nigra pars reticulata of a BAC transgenic D1-EGFP
mouse (image by courtesy of Emmanuel Valjent and Gilberto Fisone, Karolinska Institute, Stockholm, Sweden). E,
Individual striatal neurons in slices of EGFP mouse. The labeled neurons are visible under epifluorescence
microscopy and can be selected for recording. F, The same neurons as in E, under IR microscopy. The red arrows
designate the fluorescent neurons selected to be recorded under IR optics. Scale bars, 50um. SNr, Substantia nigra
pars reticulata; Str, striatum; Cx, cortex.
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1.3 Discussion

In this study, we showed fundamental differenceghie dynamic properties of two inhibitory
pathways within the striatal microcircuitry. Inhiiein by FS cells is robust, homogenous, and
exerted by the same FS cells onto both striatohignal striatopallidal projection neurons. In
contrast, MSN—-MSNconnectivity is sparser, weakerd axhibits diverse activity-dependent
synaptic dynamics. The connectivity prevalence betw MSNs depended on the type of
presynaptic MSN; however, the dynamic propertiesrewaot determined by the type of
interconnected MSNs. The differences between thexM SN and MSN-MSN connectivity are
clear in both species and throughout different bigreental stages, suggesting that they indeed
constitute a basic organizational principle in sh@atal microcircuitry.

Robust feedforward inhibition from FS cells onto MNs

Inhibition mediated by FS cells onto MSNs had wdifferent dynamics than that observed between
MSNs. FS->MSN synaptic connections mediated large, depressspnses with negligible
facilitation, which were strikingly homogenous agsodifferent target cells. We show that both
neighboring directand indirect-pathway MSNs areibited by FS cells, with similar amplitudes
and dynamics. It is still not clear whether andvtwat degree FS cells have preferences for any of
the MSN projection types; however, as exemplifiecbur data, the same FS cells target MSNs of
both projection types (FigA. FS cells therefore may not selectively inhibiecstriatal projection

or the other, but rather efficiently and similaimibit a large fraction of their neighboring MSNE
both types. The depressing nature of the-IMSN synapse makes it tuned to faithfully transiné t
onset of FS activity, enabling FS cells to mediptéent synchronized inhibition after cortical
excitation (Mallet et al., 2005; but see Berke, 200 he role of such inhibition by FS cells may be
in preventing target MSNs from discharge after &tory input, but it may also be effective in
synchronizing the output of target MSNs without essarily silencing them completely, but rather
by delaying discharge (Koo s and Tepper, 1999). @sults suggest that both types of inhibition
are very different in terms of their respective alyrcs regardless of the postsynaptic MSN type.
This was also shown to be the case for glutamatengut to MSNSs, in which the dynamics of
thalamic input was very different from that of ¢oal input, for both striatopallidal and striatorag
MSNSs (Ding et al., 2008). FSMSN connectivity was severalfold more prevalenntSN-MSN
connectivity, in accord with previous reports (Ko® and Tepper, 1999; Koo™ s et al., 2004;
Gustafson et al., 2006; Taverna et al., 2007; Teella et al., 2007). This big difference in
connectivity can be partly attributed to the eleiinic attenuation of synaptic responses at distal
dendrites compared with the little attenuation efigomatic inputs from FS cells (Tepper et al.,
2008). However, even in experiments in which higfinacellular chloride concentrations were used
to improve the detection of GABAergic inputs (Kaoét al., 2004; Taverna et al., 2008; Tecuapetla
et al., 2009), feedback connectivity was spargerdstingly, a similar connectivity pattern is foun

in the neocortical microcircuit, in which projeatimeurons (pyramidal cells) also constitute the vas
majority of neurons and are sparsely interconnef¥atkram et al., 1997), whereas connectivity
from GABAergic FS interneurons onto pyramidal calisseveralfold higher (Holmgren et al.,
2003). This suggests that FS cells in the respeatmcrocircuits, in addition to their similar
intrinsic properties (Kawaguchi, 1995; Kawaguchiaét 1995), share similar network properties
and function in mediating feed forward inhibitiantheir respective principal targets.
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Figure 5. Synaptic connections between EGFP-identified M@N# network of neighboring MSNs in ventral strratu
displaying divergent and convergent synaptic cotiops. Cell 3 is a direct-pathway MSN (dM) recegvtonvergent input
from two indirect MSNs (iM) with different dynanpooperties. Note the facilitation in the 133 cont@t (top trace)
compared with the depressing connection receivecely3, and the facilitating connections onto btdhgets of cell 1. B,
Average amplitudes, normalized to the amplitud¢heffirst PSP, for connections from iMSNs onto dBISN green;
n=10) and iIMSNSs (in red; n=7).

Note the facilitation of the recovery test respomdgaich is absent in FSMSN connections (Figs. 3, 6). C, Facilitation and
depression time constants of connections betwesmtifikd MSNs are plotted against each other irogalithmic plot.
iIMSN—IMSN connections are marked with red triangles, MA&IMSN in green squares, presynaptic dMSN connections
in gray circles, and FSSMSN connections in black “X.” D, Synaptic propestief connections from presynaptic iMSNs did
not significantly differ according to the postsytiapMSN type and were not significantly differerdni connections
between MSNs in which presynaptic neurons were dMBiXor bars indicate SEM.
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Figure 6. Synaptic connections from FS cells onto both tyf@dSNs. A, An example of a divergent connectimm &
single FS cell onto three target MSNs of differgmajection types. Note the similarity in the dynesndof the responses
on the different MSN types. B, Average amplitudemalized to the amplitude of the first PSP, fonmections from
FS onto iIMSNs (in red; n 6) and dMSNs (in greer@)nC, Synaptic properties of connected FS celisrdtit differ
significantly according to the postsynaptic MSNetyBoth B and C show the high degree in homogernithe
FS—MSN pathway onto both projection types of MSNsoiHpars indicate SEM.

Connectivity between MSNs of different types

Synaptic connections between MSNs of both typeplaled a large diversity in terms of the
dynamic properties, with cases of depression,ifattdn, and mixed responses in which synaptic
depression was followed by facilitation of the reexy test response (FigAB This was in sharp
contrast to the homogenous dynamics oSN connections. This variability in dynamics was,
surprisingly, not accounted for by the projectiatentity of the presynaptic and postsynaptic
neurons, since all four possible combinations (praptic and postsynaptic iIMSN/dMSN) had
cases of facilitating as well as depressing syrsfisg. 5). One aspect of MSN-MSN connectivity
that did, however, depend on the presynaptic M3itype was the prevalence of connectivity.

As reported recently (Taverna et al., 2008), we alsserved a non-random organization of MSN
interconnectivity, in which synapses formed by iMSBeemed to be more common than those
formed by presynaptic dMSNs. The reasons for tlifsrénce are still not clear but may be related
to properties of the axonal arborisation and theddéc targeting preferences of the respective
types. The fact that these differences were obddyeh in rats as well as D1-EGFP mice suggests
that it is not an artifact attributable to the pardar transgenic mouse used.

Whereas the projection type of connected MSNs ditl cetermine the synaptic dynamics,
individual presynaptic neurons induced similar oesg® dynamics in their targets, as seen in
divergent connections, both from presynaptic MShN$ &S cells (Figs. 5, 6). Interestingly, this is
not the typical scenario in other microcircuits,which the same presynaptic neuron may induce
drastically different synaptic responses in diffgrg/pes of postsynaptic targets (Thomson et al.,
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1993; Markram et al., 1998; Reyes et al., 1998).

Variability in the dynamics of MSN-MSN synaptic transmission

Unlike the very dominant facilitation observed attain types of cortical synapses (Thomson et al.,
1993), the facilitation in MSN>MSNconnections was commonly masked by a simultasigou
occurring depressing component. The interplay betwthese processes is likely to cause the
variability we observed in MSNMSN connectivity and may also underlie previousorepof both
facilitation and depression mediated by presynaytiiNs (Czubayko and Plenz, 2002; Venance et
al., 2004; Rav-Acha et al., 2005; Gustafson et28l06). One possible explanation for the observed
variability is the postsynaptic dendritic locatiohMSN-MSN synapses (Wilson and Groves, 1980;
Somogyi et al., 1981; Tepper et al., 2008). UniH&-MSN synapses, which target a closer and
more confined perisomatic region, synapses betWw&eNs target dendrites with variable thickness
and at various electrotonic distances from the santh dendritic branching point The dendritic
locus of MSN-MSN inhibition enables it to affecethonlinear processes of dendritic integration as
well as the plasticity of nearby excitatory inputgiich also target MSN dendrites (Plenz, 2003;
Carter et al., 2007; Wilson, 2007; Tepper et &08). In addition to these functional propertiés t
dendritic location also shapes the apparent dyrenfithe synaptic responses (Banitt et al., 2005).
Synaptic activation causes a local conductancease as well as reduction of the synaptic driving
force, both of which induce a depressing comporiansynaptic responses. This “apparent
depression” strongly depends on the location ofsyreaptic contact and is likely to contribute to
the variability we observed in synaptic dynamics.

Similar recovery test facilitation was observedther neural microcircuits in the prefrontal cortex
(Wang et al., 2006a) and in the hippocampus (Hafid Jonas, 2005). As in the MSN-MSN
connections we observed, responses typically disdladepression during the burst of action
potentials, but facilitated after a pause of sdvkumdreds of milliseconds. This facilitation was
observed both in current- and voltage-clamp modes, was also observed when postsynaptic
neurons were recorded in a cesiumbased pipettéia@ylsuggesting that it is mainly dictated by
presynaptic processes. The biophysical mechanismdsrlying the observed synaptic dynamics
were not explored in this study; however, it isdacted that protocols affecting the release process
such as changing extracellular calcium concentat@ loading the presynaptic neurons with CsCl
(Hull et al., 2009) would significantly alter thgrthmics of these connections. Presynaptic calcium
channels are subject to multiple modulatory proegshat may underlie the various forms of
synaptic facilitation (for review, see Catteraldafew, 2008). The variability in synaptic dynamics
in MSN-MSN connections was not explained by theetgp connected neurons but it may reflect
intrinsic variability in both presynaptic and pastaptic elements. In our study, we did not record
neuronal positions with respect to the patch andrimnatriatal compartments, which may also
contribute to the observed variability in dynamies, recently suggested for synaptic strength
(Tecuapetla et al., 2009).

1.4 Summary

Our study shows that MSNMSN and FS->MSNinhibitory pathways in the striatum have
fundamentally different functional properties, witlighly homogenously depressing, reliable
inhibition from FS onto both projection pathwayesdasparse and variable interconnectivity among
MSNSs of both direct and indirect projection systeiisese results suggest that the functional role
of inhibition from FS cells might be not in sepamgtthe activity of the two striatal projectionstb
rather in shaping striatal output for both.
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2. Introduction: Striatal cellular properties conserved from lampreys
to mammals

In the mammalian striatum, 95% of all neurons afB@&ergic medium spiny projection neurons
(MSNs; cf. Tepper et al. 2007). They are charasteriby a negative resting potential due to the
presence of potassium channels of the inward recttype (Kir) that are open at negative
potentials, but closed when the membrane potergidirought to more depolarised levels by
synaptic excitatory drive. This property of MSNs kesa them difficult to activate by the
glutamatergic input fromcortex and thalamus (WilsbrKawaguchi, 1996; Tepper et al. 2004;
Grillner et al. 2005). The responsiveness of MSHs However, regulated by the degree of
dopaminergic modulatory drive (Surmeier et al. 20R&dgrave et al. 2008). Without the presence
of a dopamine input, mammals become hypokinetic awcduire Parkinsonian symptoms.
Conversely, an enhanced level of dopamine leadtyperkinesias with an unintended initiation of
motor programmes. Kir was recently shown to be aradteristic feature of MSNs in reptiles
(Barral et al. 2010), which would suggest that iKian important property of striatal function im al
amniotes (Kawaguchi et al. 1989; Farries & PerReD0). Other characteristic features of MSNs
are hyperpolarised resting potentials and a rampasgonsewith a long delay to the first action
potential due to low-voltage-activated A-type K+aohels (Kawaguchi et al. 1989; Uchimura et al.
1989; Nisenbaum &Wilson, 1995). Cyclostomes (jawlésh like lampreys) represent the first
vertebrate group to emerge in evolution. They dedidrom the evolutionary line leading up to
mammals already 530-560 million years ago, aroud@ rillion years before reptiles emerged
(Olsen, 2007). Although a striatum is present ihvalrtebrates, no information regarding the
presence of Kir is available in amphibians, fislkcpelostomes (anamniotes). Recent findings in the
lamprey striatum show that it contains spiny GABdierprojection neurons that express dopamine
D1 and D2 receptors, tachykinins and enkephaliifad et al. 1997b, 2001; Auclair et al. 2004,
Ericsson et al. 2010; Robertson et al. 2010). tsimareceives input from pallium (cortex in
mammals) and thalamus, as well as a dopaminergit] and histaminergic input (Brodin et al.
1990a,b; Jimenez et al. 1996; Pombal et al. 199#t8.lamprey striatum thus receives the same
type of input and expresses the same molecular erar&s in mammals and other amniotes.
Dopamine depletion with 1-methyl-4-phenyl-1,2,3&d@hydropyridine (MPTP) renders the
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lamprey hypokinetic, as in Parkinson’s, an effé@ttcan be counteracted by dopamine agonists
(Thompson et al. 2008). It thus appears that algb wegard to function, the role of the basal
ganglia is conserved. In this study we wanted taratierise neurons in the lamprey striatum in
terms of their electrophysiological, morphologieald synaptic input, and isolate some of the key
properties supporting generic striatal functiowéntebrates.

2.1 Methods

Ethical approval
All experimental procedures conformed to the guieks of the Stockholm municipal committee for

animal experiments.

Slice preparation

Coronal brain slices, 300-5Q@®n thick, were prepared from 46 lampreys (Lampdtraidtilis), as
described earlier (Ericsson et al. 2007). Usuallyy mne brain slice per animal containing the
striatum, located lateral to the medial telenceiphatntricle (Fig. 1A and B), in both hemispheres
was obtained due to the small size of the striaflime. striatum can be clearly seen as awell-defined
band of cell bodies (Fig. 1A-C).These cells areGABAc and express substance P and
enkephalin, and D1 and D2 receptors (Pombal et%7b; Robertson et al. 2007, 2010). Slices
were kept at 4-8°C in artificial cerebrospinal daCSF) of the following composition (in mM):
125 NacCl, 2.5 KCI, 1 MgCl2, 1.25 NaH2 PO4, 2 CaCBE5 NaHCO3 and 20 glucose. The aCSF
was oxygenated continuously with 95% O2 and 5% Q27.4) and was also used for perfusion
during recordings at the same temperature (BadadbertrV, Luigs & Neumann, Ratingen,
Germany).

Figure 1. Anatomical location of the striatum (Str) A, coabacute brain slice in the recording chamber shmathe
striatal cell band inside the white lines. B, fleecent Nissl staining of a coronal section dispigythe band of striatal
cell bodies. C, photograph of individual striatadurons in the recording chamber. Scale bars = 480in A and B, 15
umin C.
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Electrophysiology and morphological reconstruction

Patch-clamp electrodes (7-12Y1 were filled with (in mM): 102 KCH3SO4, 1.2 MgCI210
Hepes, 1 CaCl2, 10 EGTA, 3.94 Mg-ATP, 0.3 Na-GTHhesphocreatine sodium salt and 10
glucose (osmolarity 265-275 mosmot)lor with an alternative solution with a higher afidle
concentration: 105 potassium gluconate, 30 KCI, d€#$, 4Mg-ATP, 0.3Na-GTP and 10
phosphocreatine sodium salt (osmolarity 270 mosittpl Patch electrodes were prepared from
borosilicate glass microcapillaries (Harvard Appasa Edenbridge, UK) using a two-stage puller
(PP-830, Narishige, Japan). Whole-cell recordingsewperformed in current- or voltage-clamp
mode using a Multiclamp 700B amplifier (Moleculaewces, Sunnyvale, CA, USA) and digitised
at 10-50 kHz by a PC. Bridge balance andpipettaatgnce compensation were automatically
adjusted on the amplifier and all membrane potexthies were corrected for the liquid junction
potential. Neurons were visualised (see examplgn1A and C) with DIC/infrared optics (Zeiss
Axioskop 2FS plus, Munich, Germany) and electrodeere advanced using remote
micromanipulators (Luigs & Neumann). Data was acegiwith theClampex software and analysed
in Clampfit (p)CLAMP, Molecular Devices). Neurons neentracellularly stained by injection of
0.3-0.5% neurobiotin (Vector Laboratories, Burlimgg CA, USA) during recordings. Brain slices
were fixed overnight in 4% formalin and 14% picecid in 0.1 M phosphate buffer (PB) and
analysed by either confocal or conventional lightroscopy. For confocal imaging (Carl Zeiss
LSM 510 Meta, M"unchen, Germany), slices were firgtubated in streptavidin-Cy2 (1:1000,
Jackson Immunoresearch Laboratories, West Grove USA) in 0.3% Triton X-100 and 1%BSA
in 0.1 MPB overnight. The sliceswere then washed.Bil Mphosphate buffered saline (PBS)
before being dehydrated in alcohol and transfetoednethyl salicylate(Merck,NJ, USA) prior
tomounting in DPX(Fluka/Sigma-Aldrich, StLouis,MC84).Confocal image reconstructionswere
made and analysed using Zeiss LSM Image BrowselraadeJ software (Rasband WS, National
Institutes of Health, Bethesda, MD, USA). Someedigvere instead processed with the Vectastain
Elite ABC kit (Vector Laboratories). Slices weretbughly washed in 0.01 M PBS and incubated
in 0.6% hydrogen peroxidase in methanol for 20 mimsed in PBS and transferred to the ABC
solution for 3 h. After rinsing in PBS, slices weneubated in diaminobenzidine (DAB; ImnmPACT
DAB, Vector Laboratories) for 5min, then rinsed atehydrated in alcohol prior to mounting in
DPX. Subsequently, neurons were visualised inla igicroscope (Olympus BX51, Melville, NY,
USA) and photomicrographs were taken using CellQdifhpus). Formalin fixed lamprey brain
sections, 2Qum thick, were stained with a green fluorescent INsssin (1:1000; Molecular Probes
Europe BV, Leiden, theNetherlands) for analysistaatal morphology.

Electrophysiological analysis

Neurons that had stable responses with large dwotisig (reaching above 0 mV) action potentials
(mean amplitude-54 mV) during step depolarisations in current claneqordings were considered
healthy and were subsequently analysed (see fon@rarig. 2A).

Most recordings were performed in current clamp ejaalith injections of hyperpolarising and
depolarising current steps to investigate voltaggponses. Action potentials were triggered by
positive current pulses and the amplitude measuwlative to the firing threshold.

The time delay to the first action potential wasaswed on the first current injection step that
elicited an action potential, in a series of insreg steps from a baseline around =75 mV. The input
resistance of neurons was calculated by dividirggsteady-state voltage response by the applied
current injection. A rectification index was defthas the ratio between the input resistance at very
hyperpolarised potentials (around -100 to -120 navil the input resistance at the resting
potential, where no obvious Na+ conductances had betivated. Thus, large rectification would

“O\FD(/Y
({1l
feQln 2
ST ?
o

!nserm

Institut national
de la santé et de la recherche médicale

Page 21

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE




P Deliverable D2.3 05/09/2011

inversely correspond to a low index since the impgistance at hyperpolarised levels is low while
it is significantly higher at more depolarised llsv8 0 quantify the voltage ‘sag’ sometimes seen at
hyperpolarised potentials, a sag index was caledlafthe sag index was defined as the difference
of the most hyperpolarised voltage and the stetate-soltage deflection of that pulse (S&¢ in

Fig. 4A) divided by the steady-state deflectionu3ha large voltage sag correspond to a high sag
index, so for example an index of 1 would corregptinan amplitude of the hyperpolarised voltage
that was twice as large as the steady-state respons

The average action potential frequency in a spi&i& wwas measured between the first and the last
action potential during a 1 s suprathreshold curnejection. Spontaneous synaptic inputs were
recorded using an alternative intracellular solutiath 30mM KCI in the pipette solution to ensure
that GABAergic events were detected more easilgegmolarising events at the resting potential.
These were measured in current clamp mode andsathlyymonitoring the frequency of events
before and during bath application of drugs. THeWing drugs were used and applied directly in
the extracellular bath: the K+ channel blocker 4repyridine (4-AP, 100-50QuM, Sigma-
Aldrich, St Louis, MO, USA), Barium chloride (1QM Sigma- Aldrich), the monovalent cation
current Ih antagonist ZD 7288 (5M, Tocris Bioscience, Ellisville, MO, USA), the AMP
receptor antagonist NBQX disodium salt (@®1, Tocris) and the GABAA receptor antagonist
gabazine (4QM, Tocris).

Statistics

Results are presented asmeanszstandard deviafijra(fsl statistical comparisons between means
were made with Student’s two-tailed paired t testhwsraphPad Prism Software (GraphPad
Software, San Diego, CA, USA).

2.2 Results

Whole-cell recordings were obtained from 74 neurthiag were classified into two main subgroups
based on the presence or absence of inward ratigiicobserved by injection of depolarising and
hyperpolarising current steps. Pronounced inwactifieation is a hallmark of MSNs in amniotes
and clearly differentiates these neurons from ositeatal interneurons and is therefore of special
interest (Kawaguchet al. 1989; Grillneret al. 2005; Barralet al. 2010). It is identified by lower
input resistance at more negative potentials dubdmpening of K+ (Kir) channels (Uchimuea

al. 1989).

An example of an inwardly rectifying neuron is dgpd in Fig. A. The rectification in lamprey
striatal neurons was quantified by calculatingréie between the input resistance at —120 mV and
at resting potential (Fig.RandC). Two clusters of neurons with rectification ratioelow or above
0.5 were apparent when plotting the rectificatiatios (Fig. B). Forty-eight neurons (65%) had
rectification values below 0.5 and displayed clearard rectification, seen by visual inspection of
the voltage responses to stepwise hyperpolarising depolarising current injections at
subthreshold values, and are referred to as inyaeditifying neurons (IRNs). The population of
neurons with rectification values above 0.5 did sledbw marked inward rectification (Fig. 6) and
are referred to as ‘non-IRNs’.We recognise that esoraurons classified as non-IRNs here still
exhibit a certain degree of inward rectificationiagdicated by the inward rectification ratio in Fig
2B. No neurons fired action potentials at rest. Tagidmembrane properties of the two groups are
summarised in Table 1.
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Figure 2. Properties of IRNs and distribution of parameters of both |RNs and non-IRNs

A, voltage responses of an IRN to hyperpolarisind depolarising 1 s current steps of 4 pA per stdipited from rest
at =77 mV. Inward rectification is seen as relatiwemall voltage responses at hyperpolarised p@énfarrow) with

each step and increasingly larger responses at memolarised levels. The rectification ratio is 4.8, histogram of
the inward rectification ratio for all neurons. Neans with ratio below 0.5 form a population definasl IRNs and
those above 0.5 as non-IRNs. C, plot of the inpsistance (Rin) of IRNs and non-IRNs, measuredhgiparpolarised
potential (-120 mV) and at resting membrane potdstiD, |-V plot of the steady-state voltage défbes to current

steps of the neuron displayed in A. Note the stedppe at more depolarised potentials. E, disttibn of the resting
membrane potentials of recorded neurons.

Table 1. Cellular properties of lamprey striatal neurons

IRNs non-IRNs
Neurons (n} 48 26
Resting potential (mv) —712+ 78 —742 + 11.7
Imevard rectification ratio 0.28 + 0.10 0.75 + 0.17
Delay to AP (ms) 420 + 135 35 + 110
AP amplitude (thr to peak} (mv) 544 + 109 55.4 + 102
AP half-width (ms) 33+ 16 34+ 14
AP threshold (m\v) —A464 + 4.4 —469 + 4.1
Amplitude of monophasic AHP (mV) —228 + 63 —18.9 + 6.8
Neurons with both fAHP and sAHP (n) 3 7
Neurons with spike frequency adaptation (n} 3 7
Neurons with PIR APs (m) 18 4

All values are means + SD. AP, action potential; AHP, afterhyperpolarization; PIR, post-inhibitory rebound: thr, threshold.
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2.2.1 Inwardly rectifying neurons

Basic electrophysiological properties

IRNs displayed a characteristic voltage responsetdunward rectification, hyperpolarised resting
membrane potentials and a ramping response to alégpoy current injections resulting in a long
delay to the first action potential. Figure 2A sisatlve typical appearance of an IRN with an inward
rectification ratio of 0.34, with an overall meaatio for the IRN population of 0.28+0.10, ranging
from 0.07 to 0.45 (Fig. 2B). Many cells (25%) depdd very strong rectification (ratio <= 0.20).
The input resistancewas much lower at hyperpoldmsembrane potential levels than at rest within
the IRN population (Fig. 2C). The strongest recéfion was normally seen below .90 mV, similar
to findings in rodents although not as pronound€awaguchi et al. 1989; Jiang & North, 1991;
Cepeda et al. 2008).The steady state 1.V curvegnZdbshows the characteristic difference in slope
between hyperpolarised and more depolarised memip@tential levels, as is evident also from the
current steps in Fig. 2A. IRNs had a mean restiotgmtial of -71.2+7.8mV, with 65% of the
neurons having values between -70 mV and -87 m¥ {8g. 2E for distribution). Most IRNs
(87.5%) displayed a monophasic AHP (Fig. 3A). Theamsize of the monophasic AHP for IRNs
was -22.8+6.3mV, as measured with reference tdhreshold of the action potential, rather than
the resting membrane potential. The voltage depeelef the monophasic AHP is illustrated in
Fig. 3A. The size of the AHP was increased uporot#sation and was reversed at levels around -
75 to -80 mV, indicating that the underlying cutreras a K+ current. The time to peak of the AHP
was variable (Fig. 3B) with a mean of 30.5+19.9misthe neurons with monophasic AHPs. Six
IRNs (12.5%) displayed a biphasic AHP with the titnghe second maximum ranging from 41ms
to 170 ms, and with a mean of 89.8+45.7ms. The na@aplitude of the slow AHP (sAHP) was -
15.8+5.0mV. The time to the peak of the fast AHIRHP) component was 9.1+4.0ms. Half of these
neurons showed a marked spike frequency adaptatittncomparable properties to the neuron
displayed in Fig. 6G.

Seventy per cent of IRNs showed reliable and regsgaking with a limited spike frequency
adaptation during sustained current injections.(B{g and D), while the other 30% of neurons had
some broadening of action potentials, firing faluat depolarised levels and sometimes irregular
firing patterns. Action potentials had a threshofd46.4+4.4mV, a half-width of 3.3+1.6ms and
amplitude of 54.4+10.9mV (see Table 1). Fifty pentcof IRNs could discharge at frequencies of
15 Hz or above for a sustained period and a few) (%40 at least 50Hz. Most neurons appeared to
saturate at their maximum firing frequencies, whilee remainder showed action potential
inactivation at further depolarisation. Some of lR&ls showed a time and voltagedependent sag in
their response to hyperpolarising current stepg.(BD), contributing with a time-dependent
component of the inward rectification. The sag wasmated by a sag index (see Methods), as
exemplified by the cell in Fig. 4D with a sag index0.31. Only a minority (33%) of the IRNs (Fig.
4F), however, had a sag index 0.2 or above, a vattieeached by any of the non-IRNs. The sag
was most pronounced at hyperpolarised potentialsramany of these neurons it was not visible at
voltages more depolarised than at—-85mV.At the teation of the hyperpolarising steps that were
elicited from rest, a post-inhibitory rebound (PdRpolarisation with spiking occurred (Figo@in
60% of these neurons with a sag index of 0.2 ayelarThe larger the hyperpolarising steps, the
greater the PIR depolarisation and the number @ibragotentials generated (up to 8 action
potentials). PIR spikes could, however, also betell in a subset of IRNs without a sag when the
hyperpolarising pulses were injected from depotatibaselines around-60mVbut not at the more
hyperpolarised resting state.
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Figure 3. Afterhyperpolarisation (AHP) and
firing properties of IRNs

A, the AHP of an IRN following the action potential
elicited by a 5 ms positive current pulse. The AHP
is shown at three different baseline potentialsQ;-6
—-83 and -92 mV), achieved by continuous current
injections, to reveal the voltage dependence of the
AHP. The AHP is reversed between -60 mV and
-83 mV. B, frequency histogram of the time to
maximum AHP for IRNs (black) and non-IRNs
(white). C, response to suprathreshold current
injections, showing the firing properties of the
neuron in A. D, plot of firing rate as a functiof o
the injected current during a 1 s current pulse in
the neuron in C. The round markers indicates the
instantaneous frequency of the first interval ie th
elicited train of action potentials and the squares
the second interval. The triangles show the average
firing frequency over the entire train of action
potentials.
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Figure 4. Pharmacological analyses of Kir and Ih in IRNs

IRN non-IRN

A, voltage responses of an IRN before (left) andndubath application of barium chloride (right) @h blocks Kir-
channels. B, I-V plot of the cell in A, that shiitsm being upwardly concave (control) to a closestraight line
(barium chloride). C, the input resistance at hyp#arised potentials is increased during Ba2+ apption. D, the left
voltage traces shows an IRN that also displayshamdluced sag (see Say) with a sag index of 0.31, followed by a
post-inhibitory rebound with action potentials hetend of the hyperpolarising current steps. Uramtrol conditions
(left) the Ih sag is seen clearly at hyperpolaridedels while bath application of the Ih antagordd 7288 almost
completely removes the sag (right). E, the sagdsiced after application of ZD 7288 (BB!, n = 5). F, plot of the sag
index for each IRN and non-IRN. The paler squamdgcate the neurons in which ZD 7288 was applied.
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Pharmacological analysis of inward rectification inIRNs.

The Kir channels have been investigated in diffespecies and cell types, including rat dorsal and
ventral striatal cells, and they are known to beckéd by extracellular barium chloride at 104
(Standen & Stanfield, 1978; Uchimuet al. 1989; Nisenbaum & Wilson, 1995). Through bath
application of barium chloride at this concentratiave show that the inward rectification is
significantly reduced at subthreshold levels (Bi§—C, n =8). Figure 4A shows an IRN before and
during Ba2+ application,with increased voltage elgfbns between each current stimulation and
prolonged time-constants. The |-V relationship (BiB) changes from an upwardly concave curve
to an almost straight line, reflecting a near cantsinput resistance below rest after the blockade
with Ba2+. The effect of Ba2+ was quantified by g@mng the input resistance at hyperpolarised
potentials (around —110 mV) before and during brarand it increased significantly from 1.44+0.2
GQto 2.06+0.6 ®(P <0.01, n =8; Fig. 4C).

The degree of rectification was associated withct@nge in input resistance, so that neurons with
less rectification showed less change and the eneon in Fig. 4C that did not increase its input
resistance was also clearly defined as a non-IRdan its inward rectification ratio (0.93). The
application of Ba2+ was also accompanied by a desaltion of neurons by 5-10mV.

The effect of Ba2+ on the inward rectification itmiaal neurons suggest that it is due to Kir-
channels, and thus also due to a K+ conductance.

Pharmacological analyses of Ih and A-type K+ currencontribution to IRNSs.

One-third of the IRNs had a voltage-dependent &ag @D and F) that was examined by bath
application of 5QuM ZD 7288, an antagonist of the monovalent catiorrent I|h known to cause a
voltage sag in other neurons (Harris & ConstariB5). Following ZD 7288 application, the sag
decreased markedly from 19.5+6.4mV to 4.3+2.2m\K(R01, n =5; Fig. 4D and E). Figure 4D
also shows that the inward rectification was reduteit maintained at a lower level after
application of ZD 7288. In one neuron, Ba2+ wasead#l0 min following application of ZD 7288,
effectively removing all inward rectification (datasot shown). ZD 7288 also affected the PIR
depolarisation and the accompanying action potisnildne time to the first rebound action potential
increased from104+24 ms to 235+48 ms (P <0.05, ) aAd the number of rebound action
potentials was reduced by 1-4 action potentialg. @#D). These data clearly indicate that the sag is
mediated by activation of an Ih current and paallyo the accompanying PIR. The characteristic
ramping response and long delay to the first agtimiential in rat MSNs is mainly due to activation
of a low-voltage-activated K+ current, 1A, activdtat subthreshold membrane potentials and that
inactivates after hundreds of milliseconds (Surmeteal. 1991; Nisenbaum & Wilson, 1995; Shen
et al. 2004). In lamprey, as well as mammals, Ahtgpe K+ current is selectively depressed at low
concentrations of 4-AP (1Q@V), while high concentrations also reduce the highage-activated
A-type K+ current (Rogawski et al. 1985; Surmeieale 1991; Nisenbaum & Wilson, 1995; Hess
& El Manira, 2001). During investigation of the lewoltage-activated A-type K+ channels, neurons
were held at very hyperpolarised levels to enshia¢ these channels were not voltage inactivated
before the depolarising steps were given (Fig. BAAP reduced the time delay to the first action
potential (Fig. 5A and B) at a concentration oftb@@0uM (P <0.05, control: 518+93 ms; 1Q0/:
211+8ms, n =3) and 500M (P <0.01, control: 522+84 ms; 5QMM: 234147 ms, n =5). Similar
results were obtained through voltage inactivatmnthe A-type K+ current by membrane
depolarisation before current injections (Fig. 5@ ®). The delay to the first action potential was
reduced from 460+£92 ms to 151+99 ms by changind#seline membrane potential from-90 mV
to —-60 mV (P <0.01, n =5). It should be noted, hesve that the long delays to first spike are
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present at rest in neurons (Fig. 2A and Table hes€ results suggest that an A-type K+ current

contributes to the ramping response with a longyd#d the first spike, upon a depolarisation from a
hyperpolarised level.

Figure 5. Pharmacological analyses of the A-type

A K+ current contribution to IRNs
A, voltage response to the first depolarising caotre
[M" step that elicits an action potential (black line,
100 ms control) displaying the long delay to first action
~ potential. During bath application of the IA
antagonist 4-AP at 100 and 50@M action
f' Control .
/ potentials are evoked after a much shorter delay.
10— Data only shown for 500M. B, the time delay to the
. first action potential is reduced by several hurttre
B Egnng milliseconds by 4-AP (50@M, n = 5). C, the
2 40 ramping response to first spike is also reduced by
® 200 eliciting action potentials from different baseline
ﬁznu potentials. The more depolarised baseline potential
2 100 (from lower to middle to upper traces), the shotter
= oy e 8o T e time-delay to first action potential. D, at —60 mit4,

time delay to first action potential is significint
shorter than at =90 mV (n =5).

Synaptic input to IRNs.

Lamprey striatal neurons receive glutamatergic sgeeous synaptic input (Ericssenal. 2007).
We show that striatal neurons also receive a coatia GABAergic input (Fig. & and B).
Application of the GABAA receptor blocker gabazi@# «M) strongly reduced the spontaneous
input (P <0.01, control: 5.48+1.61 Hz; gabazine: 2.48+1.36 Hz5). Further application of
NBQX (40 uM) blocked almost all of the remaining synapticuhP <0.01, gabazine: 2.48+1.36
Hz; NBQX+gabazine: 0.10+£0.17 Hm,=5). To facilitate the detection ofGABAergic inpat the
resting membrane potential, these experiments werformed with an intracellular solution
containing 30mM chloride, thus shifting the revérsatential for GABAA responses to a predicted
value around -35 mV.

2.2.2. Non-inwardly rectifying neurons

Basic electrophysiological properties

Non-IRNs represent a somewhat heterogeneous gmoup 26) and are defined as having a
rectification ratio larger than 0.5 (0.75 £ 0.1@nging from 0.56 to 1.05, see Fig. 2B), and -V
traces with a close to linear relationship (Fig. ai#d B). The mean resting membrane potential was
—74.2 £+ 11.7 mV (Table 1), and 69% of the neuraas resting potentials below =70 mV (Fig. 2E).
Most neurons demonstrated long delays to thedirgbn potential (345+ 110 ms) with amplitudes
of 55.4 + 10.2 mV (Table 1). The action potentlakeshold was —46.9 £ 4.1 mV and the half-width
3.4 £ 1.4 ms. When the non-IRNs are taken as apgtioere are, except for the rectification ratio
and the lack of Ih (Fig. 4F), no prominent diffecen in cellular properties compared to IRNs (see
Table 1). One subgroup of non-IRNs displayed a fashophasic AHP following the action
potential (69%; Fig. 7C), while the other exhibitdiphasic AHP (Fig. 7F). The average time to
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peak of the monophasic AHP (Fig. 7C) was 29.4+16,4amd the amplitude -18.9+6.8mV, as
estimated from the threshold of the action poténfiae monophasic AHP reversed at the same
membrane potential level as in IRNSs, i.e. aroundl t&/—80 mV (Fig. 7C). Seventy-three per cent
of non-IRNswith monophasic AHPs showed regular isgikwith action potential frequencies
ranging from 15 to 40Hz with limited spike frequgnadaptation. Three of the neurons with a
monophasic AHP appeared to represent a separatategbry of non-IRNs. They displayed
significantly shorter times to peak AHP (8.3+3.2msrrow action potentials (1.75+0.06 ms, cf.
Table 1) and high frequency spiking up to 60 Hzhwiery modest spike frequency adaptation, as
measured over 1 s, and over 80Hz for the firsrvwalgexample in Fig. 7D and E). In addition, two
of these neurons had very low input resistancd) abthyperpolarised pentials (340+70M ) and

at rest(490+7M; ). The non-IRNs that displayed biphasic AHP%%, Fig. 7F) had a time to the
second peak of 90.4+42.1ms (Fig. 3B) with an amgétof —17.4+3.6mV. The time to the fAHP
component was 10.3+x4.3ms. The majority of theseramsushowed a marked spike frequency
adaptation (Fig. 7G and H), and a frequency ranga 10—-30 Hz.

Control \ L '\

Gabazine '\~ W P

Gabazine Control Gabazine NBQX +

e e e

+ NBQX T ) Gabazine

Figure 6. Spontaneous synaptic input to IRNs

A, current clamp recordings of spontaneous synaptitt at -85 mV. The upper trace shows synaptpuirduring

control conditions, the second during bath appliimatof the GABAA receptor antagonist gabazine #4#) and the
third during bath application of gabazine and th&RA receptor antagonist NBQX (44M) simultaneously. B,
gabazine significantly reduces the spontaneouspimaput and additional application of NBQX alma®mpletely
blocks all spontaneous synaptic input. All spontarsesynaptic input recordings were performed wittraicellular

solutions containing moderate concentrations of Gle that GABAergic input is reversed at more defisdal

potentials (theoretically around —35 mV).

2.2.3. Morphology and topography

Morphological properties.

A total of 12 IRNs and 12 non- IRNs were labell@tiere was no apparent difference in somatic
characteristics of IRNs and non-IRNs as both hagifdtm or spherical shapes. The somata
diameters ranged from8 to 1&n and the cell bodies were located within the ttieell band or
just lateral to the cell band where substance Resspg striatal neurons are located (Fig. 8A-E;
Nozaki & Gorbman, 1986). Most labelled neurons FBN$ and 8 non-IRNs) had two major
processes that extended in opposite directionodaly from the soma (see for example Fig. 8B
and C), while the rest had either three to fivecpsses or only one process. Each neuron generally
had one thinner, uniform process and one thickecgss with a broad base of 2u& that
gradually became thinner and progressed with &itkegs of 0.5-Jum. The thin processes are
putative axons that originated either directly fréine soma or by branching off in a right angle
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from the base of a proximal dendrite. These prasesgere difficult to follow due to their thin
diameters. Most of our reconstructions within tbeonal plane probably represent dendrites, based
on their non-uniform thickness and oblique branghirfrigure 8F shows original confocal
reconstructions, including the two non-IRNs in FBC, demonstrating themoderate branching
exhibited by some cells. Many processes, espediatiye in the area between the striatum and the
ventricle, had varicosities aboufr® apart from each other. Neurons in the lampragtatn have
been described to have dendritic spines (Pombaill 4©997b). Figure 8G shows an overview of a

spiny IRN located in the caudal striatum, visualiggéth DAB staining. The spiny dendritic process
is shown in close-up in Fig. 8H.

-85 mV F
J=T3 mV (rast) -B5 mV (rest)
! /-8B mv T3 mV

\\,Zm v
AT smv| | Sl

iy

100 ms | oo D
\ \
Gl |
20mv | )Vl
100 ms \
-72 -85~
-65
B E H
=76 _ 80 _ 80
> ] ]
E L 60 L 80
—-85 = s
E " "
> © 40 ® a0
-95 = o
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-140  -100  -60 -20 20 100 150 200 250 300 100 150 200 250 300
Injected current (pA) Injected current (pA) Injected current (pA)

Figure 7. Properties of non-1RNs

A, voltage responses of a non-IRN to hyperpolagisind depolarising 1 s current steps of 10 pA pep,selicite from
rest at =78 mV. The displayed neuron lacks inwagdtification with a rectification ratio of 0.78 aramso lacks any
obvious sag. B, |-V plot of the steady-state veltdgflections to current steps of the neuron diggdain A showing
close to a linear relationship. C, monophasic aftgrerpolarisation (AHP) response after an actiorigmbial elicited
by a 5 ms positive current injection. The voltaggehdence of the AHP is shown by recordings at diffierent
baseline potentials. The reversal of the AHP tgikaese between —73 and -85 mV in this neuron Scalefor both
panels C and F. D, response to suprathreshold curgections in another non-IRN with large, fasiA showing its
firing properties. Same scale bar for panels D &cE, plot of firing rate as a function of the iofed current during a
1 s current pulse of the neuron in D. The round kaes shows the instantaneous frequency of theifitstval in the
train of action potentials, the squares the secmterval and the triangles the average firing fremey over the entire
train of action potentials. This cell also had lawput resistance (Rin,hyper = 290 Rin,rest = 380 MP) compared
to lamprey striatal neurons in general (compareRig. 3A). F, voltage recording of another non-IRNowing a
biphasic AHP (arrows) response after the actioneptial, shown at three different baseline potesti&, response to

suprathreshold current injections in a neuron whiphasic AHP showing spike frequency adaptationplt of firing
rate as a function of the injected current of tkeeimon
above.

Another spiny dendrite, visualised by confocal msmopy, is displayed in Figl.8Spines appeared
as thin, short stubs extending from the dendriteobulbs located directly on the dendritic shatft.
All spiny dendrites were IRNs and they were alwalystal dendrites but not in perisomatic
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domains. We could not confirmthat spineswere prteseall IRNs, even when well stained. This
may possibly relate to the orientation of the didendrites in the striatal slices.

Projections of IRNs and non-IRNSs.

IRNSs located in the rostral striatum had relativa@iprt projections in the coronal plane (Fi§.aéd

B). Instead, most of these processes turned in pepédicular direction after 50-15am and
continued in the rostrocaudal direction £6/7) towards the pallidal regions of the lamprey
(Ericssonet al.2010). However, IRNs located more caudally (FiQ) 8ent longer processes (up to
250 um) within the same coronal plane and with more tharg and two of these IRNs had
processes that also projected rostrocaudally. IRXended processes towards both the medial
telencephalic ventricle and the medial and lateadlium (Fig. 8—D) within the coronal plane.

The processes of non-IRNs were mainly distributétiin the coronal plane and only one neuron
had a clear rostrocaudal projection. Many processse long (300—70@2m) and in nine neurons
they approached or reached into the lateral anttalateral pallium.

D wpal

Figure 8. Morphology and topography of striatal neurons

A-D, schematic representations of IRNs (pale) amaHiiRNs (black), in sections from rostral to caudatording to E.

E, overview of the lamprey brain, including thedksaf coronal sectioning shown in A-D. F, confoitahge showing

the morphological properties of the two non-IRNswh in C, among 4 other labelled but unrecordedroes. See

inset in C for the location in the coronal secti@y.overview of a spiny IRN by light microscopya ®&AB-stained slice.
H, close-up of spiny dendrites in the IRN showrtinaccording to white inset. I, confocal image obther spiny

dendrite labelled in the striatum. Scale bars = 1@0in A-D, F and G; 1mm in E; 16n in H and |. Abbreviations are
as follows: Di, diencephalon; LPal, lateral palliydiPal, medial pallium; OB, olfactory bulb; PO, rleas preopticus;

OT, optic tectum; Str, striatum.

!nserm

Institut national
de la santé et de la recherche médicale

Page 30

(i1l s
HoX Y
%% AN

I"E(;(‘»P[ POLYTECHNIQUE
FEDERALE DE LAUSANNE




P Deliverable D2.3 05/09/2011

Comparison of IRNs to neurons of other vertebrates

IRNs share many of the intrinsic properties of matiam MSNSs, i.e. a fast inward rectification due
to Kir-channels, hyperpolarised resting membranemg@ls and a long delay to the first action
potential due to activation of the low-voltage-aated A-type K+ current (Rogawski et al. 1985;
Kawaguchi et al. 1989; Jiang & North, 1991; Nisambha& Wilson, 1995; Shen et al. 2007). The
majority of lamprey IRNs (65%) exhibit inward rdatation due only to Kir. These IRNs may serve
a similar function as in mammals, where it conti@suto maintain MSNs at hyperpolarised
potentials until Kir-channels close upon strongietory input (Wilson & Kawaguchi, 1996; Stern
et al. 1998; Grillner et al. 2005). Interestinghpwever, around one-third of the IRNs also exhibits
a large Ih-induced sag that increases the conduetah hyperpolarised potentials further and
amplifies their inward rectification ratio. Thisspopulation of IRNs clearly differs from rodent
MSNSs. Hyperpolarising current steps often triggepedt-inhibitory rebound action potentials in
this group of IRNs (see Fig. 4A). Potentially, aslyronised barrage of inhibitory activity limited
in duration may elicit PIR spikes and thereby otifpom the striatum.

We show that striatal neurons receive both GABAzagid glutamatergic input, and it seems likely
that the former is provided by local GABAergic nacircuits since the striatum contains almost
exclusively GABAergic neurons (Robertson et al. 200The glutamatergic input presumably
originates from the thalamostriatal or the lateaatd medial palliostriatal fiores (Pombal et al.
1997a; Northcutt & Wicht, 1997). In experiments wéehe synaptic input was blocked, the resting
potential did not change markedly, indicating tihatas not significantly influenced by the synaptic
input. Once depolarised, the input resistance dfslkias shown to increase to high values with a
mean of 24002, as compared to rodent MSNs with maximum inpustasces around 600
depending on the preparation (Kawaguchi, 1993; €emb al. 2004; Cepeda et al. 2008). This
difference may be related to the small size of leymeurons, but also to the distribution and
density of ion channels. Inward rectification irdemts appears more pronounced than in lamprey,
possibly due to a higher expression of Kir channelsodents, MSNs represent roughly 95% of the
striatal neurons (Tepper et al. 2004) whereas 66% of lamprey neurons are classified as IRNSs.
The population of IRNs, as defined here, may pdgsib larger, as a fraction of non-IRNs have a
ratio close to the dividing ratio of 0.5. Striats#urons are known to project to an area close to
eminentia thalami, containing GABAergic projectioeurons that target the mesencephalic and
dienchephalic locomotor regions (MLR and DLR), adlwas tectum (M"enard et al. 2007; M"enard
& Grillner, 2008; Robertson et al. 2007, 2009; &mpson-Jones et al. 2010). This area is suggested
to be homologous to that of the mammalian globuidpa. Recent findings also show striatal
projections to an area in the caudolateral tegnmerdantaining GABAergic neurons projecting to
tectum (Robertson et al. 2009). New recordings fn@trogradely labelled striatal projection
neurons suggest that different subsets of IRNseptdp the different output regions of the basal
ganglia in lamprey (Ericsson et al. 2010), thusresponding to striatal projections in other
vertebrates, and showthat IRNs represent theatoatput neurons.

Comparison of non-IRNs to neurons of other vertebrges

In the mammalian striatum, only interneurons laokard rectification (Tepper & Bolam, 2004). A

subgroup of non-IRNs had properties similar to themmalian parvalbumin-expressing fast
spiking interneurons, characterised by fast-spikiingquencies, very low spike frequency
adaptation, low input resistance, narrow actioreptigls and short delays to AHPs (Kawaguchi,
1993; Tepper & Bolam, 2004). Another subgroup wissirduished by their biphasic AHPs and

marked spike frequency adaptation. The fast componiethe AHP appears to be fairly similar in

all lamprey striatal neurons and reversed arourslto7-80 mV. The main current mediating this
AHP is likely to be the high-threshold transientype K+ current, which has been investigated in
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detail in the lamprey spinal cord (Hess & ElI Manig®01; Cangian@t al. 2002). The second,
slower component seen in some neurons shows simitgrerties to the slow AHP in lamprey
spinal neurons, due primarily to apamin-sensitialeiom-dependent K+ channels (Cangiaal.
2002) with a residual 20% mediated by a Slack-bBkibtype of sodium-dependent K+ channel
(Wall’en et al. 2007). The morphological data of non-IRNs showeat thany of their dendritic
processes are within the coronal plane where dedlibodies are located. However, we assume that
non-IRNs and especially those resembling the faikirgy type neurons represent interneurons. Few
afferents to the striatum actually innervate thiklager (Pombalkt al. 1997) and rather target the
periventricular neuropil or the area between thatsi cell layer and the lateral pallium. It thus
seems likely that the dendrites of putative intarnaswould not respect the boundaries of the cell
layer.Although the presumed axons of these celle wao thin to be traced in order to confirm that
they only contact other striatal neurons, the tesdiscussed above (e.g. Ericssbral. 2010) with

all output neurons identified as IRNs, further sgnen the possibility that they are interneurdms.
the lamprey striatum there is a pronounced acetjilebsterase activity and cells have been found
to express choline acetyltransferase immunore&gt{fiombalet al. 1997, 2001), suggesting the
presence of cholinergic neurons. In rodents, laagpiny cholinergic interneurons represent
around1%of the striatal cell population (Rynedral. 2004). In the present sample of celis=(74),

no neurons could clearly be identified as cholirecglls.

Concluding remarks

Our data further strengthen previous findings satigg that the basic properties of the striatal
neurons had already been developed early in vatekrolution, before the lamprey diverged from
the main vertebrate line around 560 million yeays.d.amprey striatal neurons express some of the
hallmarks of mammalian striatal neurons, includimgard rectification due to Kir channels. About
one-third of these neurons also displaymediated voltage sags, whichwould ascertainafiat an
inhibitory hyperpolarisation there will be dh depolarisation that is often accompanied by PIR
spikes. These characteristics may be unique tormammmalian species. This study is the first
detailed electrophysiological study of the striatll properties in anamniotes and indicates thmat t
principal neuronal type and the fast-spiking ineemon were present some 250-300 million years
before the anamniote—amniote transition. Thus, thsic design of the striatum and the basal
ganglia circuitry implied in decision-making andtian selection of motor behaviour are present
even in the less evolved lamprey, supporting adédhbehavioural repertoire.
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3. Introduction: Evolutionary Conservation of the Basal Ganglia as
a Common Vertebrate Mechanism for Action Selection

All animals must select actions to achieve theialgobut despite the common need, it is unclear
whether animals employ common neural mechanismghfsrfunction. In mammals, where action
selection is well studied, a group of subcorticatlei, the basal ganglia, are thought to play a
pivotal role in this process by fulfilling a dualle in selection [1-4]. Direct striatal projectiotus

the basal ganglia output nuclei (globus pallidugnma [GPi] and substantia nigra pars reticulata
[SNr]) disinhibit various motor areas and thereblest actions. In contrast, indirect projections to
these areas via intrinsic basal ganglia nucleibigdopallidus externa [GPe] and subthalamic nucleus
[STN]) serve to suppress actions by exciting thgpwiunuclei and increasing the inhibition on the
motor areas. Both pathways act together to selecaciion by disinhibiting a selected motor
program and inhibiting other competing actions.ntgats of this arrangement may represent a
conserved mechanism for action selection becaudeaat the input layer of this circuitry, the
striatum, has been identified in all classes otelmates [5-7]. In contrast, it is unclear whether
dedicated output (pallidal) structures are paraafonserved circuitry for selection, because they
have not been identified in jawless vertebratesPglvelopmental studies have even suggested that
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the pallidum is unlikely to exist in lamprey (a j@ss vertebrate), because genes that are important
for the development of the pallidum (Nkx2.1, shhgrevnot expressed in the embryonic ventral
subpallium [8-10]. These studies, however, are noksive because they were performed at a
developmental stage at which the forebrain GABA®:rgeurons, including potential pallidal
neurons, were not yet present [11-15]. An even mecent evolutionary addition to the basal
ganglia circuitry may have been the “indirect” thaay, as a mechanism for suppressing actions.
Components of this pathway including the STN ared@®Pe have only been conclusively identified
in advanced vertebrates, namely, avian and mammsgiacies [16—20]. Consequently, it is unclear
whether lower vertebrates utilize a potentially gien neural organization for selection, or whether
features of the mammalian basal ganglia, sucheainttirect pathway, are present in all vertebrates
as essential components of a common circuitry éecsion. Our aim was to use lamprey, which
has a well-described motor system and a limitechbiehnal repertoire and occupies a key position
in phylogeny, with their ancestors having diverdeuin the main vertebrate lineage at the dawn of
vertebrate evolution approximately 560 million yeago (Mya) [21], to identify the basic circuitry
for action selection and determine how this evoltedaccommodate the increased behavioral
repertoires of advanced vertebrates. Using anatrand electrophysiological techniques, we show
that a sequential theory for the evolution of tlasd ganglia in vertebrates is likely to be wrong
because all major components of the basal ganglityding homologs of the mammalian GPi,
GPe, and STN, together with direct and indirechwatys, are present in lamprey. Our results
suggest that this architecture represented evalstiolueprint for the vertebrate basal ganglia and
may form the basis of action selection in all vier&tes. In addition, our results suggest that the
mammalian basal ganglia evolved through a functioeplication of these circuits, instead of a
sequential adaptation, of this ancestral architectu

3.1 Results
Anatomical and Electrophysiological Evidence for &amprey Pallidum

As the first step in elucidating whether dedicatadput nuclei (pallidum) are a feature of the
jawless vertebrate basal ganglia, we explored veneth putative pallidal area ventrolateral to
eminentia thalami (Figure 1A), which contains GABgie neurons that project to the tectum and
other motor areas GPi and GPe. In mammalian spettiesGPi and GPe contain GABAergic
projection neurons that express the calciumbingnogein parvalbumin and receive input from both
substance P- and enkephalin-expressing striatalumespiny neurons [22].

Injections of neurobiotin, ventrolateral to the asmtiathalami, resulted in retrogradely labeled
cells in the striatum (Figures 1B and 1C; n = &thbwithin and surrounding the neuronally dense
striatal band (Figure 1C). The complementary expent with a tracer injected into the striatum
(Figure 1D; n = 6) showed that striatal fibers pobjto this area, ventrolateral to the eminentia
thalami, but do not pass further dorsally (Figui).1These fibers were small with varicosities,
characteristic of fibers with synaptic contactsli€eentrolateral to the eminentia thalami exprdsse
GABA and parvalbumin (Figure 1F, n = 5; Figure 1G5 4). Processes containing enkephalin and
substance P, respectively, were also observedsdrnvémtrolateral location and, as with the striatal
fibers, few of these continued dorsally to inneevilite area lateral to the eminentia thalami (Figure
1H, n = 9; Figure 11, n = 9). Previous experimdrage shown that this region contains GABAergic
projection neurons that innervate brainstem motegions, including the optic tectum,
mesencephalic, and diencephalic locomotor regi@s-]5]. We conclude that this area receives
projections from striatum and expresses the samecmar markers as the mammalian GPe/GPi.
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Figure 1. Anatomical and Electrophysiological Evidence dotamprey Pallidum (A) Schematic drawings of sabitt
and transverse sections through the lamprey biaiticating the location of the striatum and theatiwte pallidum. (B
and C) Neurobiotin injection (red) into the putatipallidal region (B) resulting in retrogradely laled striatal cells
(C). (D and E) Injection into the striatum (D) rédisng in labeled efferent fibers in the putativellgial region (E). (F)
GABA immunoreactive cells at the level of the entinghalami. (G) Parvalbumin immunoreactive celtshe level of
the eminentia thalami. (H) Enkephalin immunoreagtifibers in the putative pallidal region. (I) Sufnste P
immunoreactive fibers in the putative pallidal regi (J) Loose-patch recordings of a spontaneoustitdpely firing
retrogradely labeled neuron (from the tectum) befmean frequency 5.10 6 1.01 Hz) and after (mesquéncy 4.31
6 1.41 Hz) the application of the glutamatergicagunists CNQX (40 mM) and AP5 (40 mM). (K and LX Blots
showing the normalized range and average instartasdrequency of pallidal neurons before and adggplication of
glutamatergic receptor antagonists (control, mearl.5 6 0.86 Hz; CNQX and AP5, mean = 1.37 6 1.0L (K} or
GABAA receptor antagonist picrotoxin 50 mM (contmolkean = 0.92 6 0.41 Hz; picrotoxin, mean = 0.86.61 Hz)
(L). (M) Loose-patch recording of a pallidal neurbefore, during, and after the application of musei. Scale bars
(B), (C), (E), (F), (G), (H), and (1) represent 20@m; (D) represents 500 mm. The following abbréwiet are used:
DPal, dorsal pallium; EmTh, eminentia thalami; Habenula; Hyp, hypothalamus; MPal, medial palliuMCPO,
nucleus of the postoptic commissurae; ot,opticttrac

In mammalian species, these GABAergic pallidal @copn neurons have been shown to tonically
inhibit motor areas as a result of their high legélspontaneous activity. If the lamprey pallidal
neurons have a similar physiological role, theyusti@lso be tonically active at rest. Spontaneous
firing was observed in most (n = 18/29) of the wagrrecorded with the loose-patch configuration,
for up to 20 min. In loose-patch recordings, thesaurons fired with instantaneous firing
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frequencies ranging between 1 and 25 Hz, with annsgaund 4 Hz. In whole-cell recordings,
firing frequencies were lower, ranging from 1 to B2 (n = 8/13). These firing frequencies are
lower than those of mammalian pallidal neuronsitrovand may reflect the lower temperatures at
which our recordings were made (6°C versus 37°0G)tebt whether these tonically active neurons
were projection neurons, we recorded from pallidalrons that were retrogradely labeled from the
optic tectum (n = 19). Approximately 70% of thes¢ragradely labeled cells were spontaneously
active (13 out of 19), suggesting that the pallidomay tonically inhibit areas of the brain that it
projects to. Retrogradely labeled cells in the srsarrounding the putative pallidum, either
caudally in the thalamus or rostrally in the meghallium, did not display any spontaneous activity
(data not shown).

If the lamprey pallidal neurons tonically inhibitotor regions at rest, as they do in other species,
then the activity of these neurons should not oglysynaptic input. Indeed, the spontaneous activity
was not significantly altered by blocking the ghatgtergic or GABAergic synaptic input with
CNQX 40 mM and AP-5 50-200 mM (n = 10; Figures &d 4K) or picrotoxin (50 mM; n = 5).
The tonic activity thus appears to be an inhereapgrty and suggests that these pallidal neurons
could inhibit motor regions in the absence of syitaipput. Application of muscimol (5 mM, n =
4), a GABAA agonist, blocked all spontaneous attivn 3 out of 4 neurons and was strongly
reduced in the remaining case (Figure 1M; mearuffrqy 3.82 6 2.65 Hz before; 0.13 6 0.22 Hz in
muscimol; and 2.92 6 2.30 Hz after washout). Thiggests that GABAergic input from the
striatum could potentially silence these neurorstarreby disinhibit the motor areas.

Everything taken together, this area, ventrolateyaminentia thalami, appears to be homologous
to the avian and mammalian GPi and GPe based ornghg from striatum, the presence of
substance P and enkephalin immunoreactive fibgmession of GABA and parvalbumin, and the
electrophysiological properties of its projectioaurons (see also Discussion). We will therefore
refer to this area as the lamprey pallidum (GPi @) and the neurons located within this area as
pallidal neurons for the remainder of this manyscri

Connectivity of the Putative Pallidum

Tonically active GABAergic neurons of the pallidum,other species, inhibit motor programs by
projecting to critical motor areas in the brainstemvia the thalamus to the cortex. In order to
explore which areas might influence and be inflgehioy the tonic inhibitory output of the lamprey
pallidum, we examined its connectivity. A bidirectal tracer, neurobiotin, was injected in the
pallidum (Figure 2A [red]; Figure 2B, n = 6). Thissulted in retrogradely labeled cells in the
striatum (Figure 2C; depicted as red dots in Figzh¢ but also in cells in a subthalamic region
(Figure 2D). A few cells were also observed in tliesomedial lateral pallium and in the dorsal
thalamus (Figure 2A). These latter populations Walbeled after injections lateral to the eminentia
thalami (blue in Figure 2A), but no labeling wassetved in either the striatum or the subthalamic
region, giving further support that the projectidran the striatum and the subthalamic region may
terminate ventrolateral to the eminentia thalami that the other populations may have been
labeled from fibers of passage. Anterogradely ktbdéibers from the injections in the pallidum (red
in Figure 2A) were observed in an area that hasiplogically been described as the diencephalic
locomotor region (DLR) [23] and in the subthalamégion in the same area as the retrogradely
labeled neurons were observed (Figure 2D). Morelaly fibers were present in the pretectum
and the deeper and intermediate layers of the tgttam (Figure 2E). In the mesencephalon, fibers
were observed in the torus semicircularis, isthragion, and ventrolateral mesencephalon (Figures
2A and 2F), an area that has recently been dedcabea homolog of the substantia nigra pars
reticulata (SfN abstract, M. Jones et al., 2009y&&bstracts, J. Ericsson et al., 2010; B. Robertso
et al., 2010). Fibers also innervated the ventegencephalon in both the mesencephalic locomotor
region (MLR) [13] and an area lateral to the MLRttlkeontains cholinergic neurons that project to
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the optic tectum [15, 24, 25], which may potenyiatpresent the pedunculopontine nucleus (Figure
2F). The major projections of these tonically aettwABAergic pallidal neurons are therefore both
to critical brainstem motor areas and other podéntitrabasal ganglia nuclei that may, through
reciprocal connections, influence the level of igall activity (Figure 2G). Together with
physiological data and the previous data showirsg the projection neurons in this area are
GABAergic [13-15], this suggests that the pallicalcleus may be responsible for the tonic
inhibition of motor regions that is observed in [@ey [13, 14] (SfN abstract, B. Robertson et al.,
2007).

Separate, Intermingled Pallidal Populations Projectto Each of the Motor Areas and the
Subthalamic Region

In order to test whether separate pallidal popoteti could select actions by independently
disinhibiting each of the motor regions, we exptbrehether the pallidal populations projecting to
each of these areas arose from distinct subpopuofatinjections in the optic tectum, MLR, DLR,
and the subthalamic region resulted in retrogratbddgled neurons in the pallidum (Figures 3A—
3L; n = 13, 6, 6, 7). Dual injections in two of #gemotor regions at a time never resulted in
doublelabeled pallidal neurons, suggesting thatpédédal populations that project to one motor
region were separate from those projecting to aratiotor region (Figures 3A-3I; n = 3 each).

The same is true for the population of pallidalnoes that project to the subthalamic region; these
were distinct from those that project to the opéictum (Figures 3J-3L, n = 3). This suggests that
multiple intermingled parallel pathways through tballidumcould independently regulate each
motor area (Figure 3M).

Anatomical and Electrophysiological Evidence for & amprey Subthalamic Nucleus

The reciprocal connections between the pallidum @&warons in the subthalamus suggest that a
component of the indirect pathway, the subthalamieus, may be present in lamprey.

Neurons in the lamprey subthalamus, retrogradddgléad following an injection in the pallidum
(Figure 4A; n = 3), were all immmunoreactive for tgionate (Figures 4B and 4C), suggesting that this
nucleus may have an excitatory influence on pdlligeojection neurons as it does in the
mammalian species. In contrast, retrogradely lalmelarons locatedcloser to the thalamus did not
express glutamate. Neurons in the subthalamic megere located in prosomere 4 of the lamprey
prosomeric map (Figure 4D; see [26]), the same Idpueental location as the avian and
mammalian subthalamic nuclei [18]. Both in vitrodaim vivo mammalian subthalamic neurons
exhibit spontaneous activity and postinhibitoryaehd (PIR) spikes and a voltage sag in response
to membrane hyperpolarization [27]. To address hdrethese characteristics were also observed in
lamprey subthalamic neurons, we performed loosehpat = 2) and whole-cell (n = 6) patch clamp
recordings, with one neuron recorded in both camégons.

All recorded neurons were tonically active; in leopatch, the recorded neurons showed
instantaneous frequencies ranging from 2.8 to P& 3Figure 4E), recorded over several minutes.
Maximum firing frequency, induced by depolarizingrent pulses, was 20.3 6 2.1 Hz when
averaged over 1 s (Figure 4G) and with a maximustaimaneous frequency of 45.5 Hz, measured
over the first interval. Upon strong depolarizatioreurons either ceased firing after hundreds of
milliseconds or fired with distinct pauses (seetdiot trace in Figure 4G). In addition, all cells
exhibited PIR action potentials following hyperpwag pulses and displayed a pronounced
voltage sag presumably mediated by an Ih currertyfeerpolarization-activated cation current)
(Figure 4H). Together, these results suggest tlah eanamniote vertebrates have a nucleus
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molecularly, physiologically, and anatomically hdogous to the mammalian subthalamic nucleus
(Figure 4l).
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Figure 2. Connectivity of the Pallidum (A—F) Schematic saerse sections through the lamprey brain showirgy t
location of retrogradely labeled cells (red and dldots) and anterogradely labeled fibers (red ahbines) from two
injection sites (neurobiotin) adjacent to the emitiee thalami (A). Note that the red injection givese to labeled
striatal and subthalamic cells, whereas the blugdtion does not. Injection site in the pallidum) (#sulted in
retrogradely labeled neurons in the striatum and thteral pallium (C), retrograde and anterogradebeéling in the
subthalamic region and the thalamus (D), anterogréambeling in the deep and intermediate layershefaptic tectum
(E), and anterograde labeling in the caudal mesphedon (F). All sections are counterstained witlegn fluorescent
Nissl stain. Scale bars (B), (C), (E), and (F) repent 200 mm; (D) represents 100 mm. The followhigreviations
are used: DLR, diencephalic locomotor region; DBrghl pallidum; DPal, dorsal pallium; EmTh, eminenthalami;
Hb, habenula; Hyp, hypothalamus; LPal, lateral path; MLR, mesencephalic locomotor region; MPal, rakd
pallium; och, optic chiasm; OT, optic tectum; optio tract; PPN, putative pedunculopontine nucleBS;, pretectum;
sfgs, stratum fibrosum et griseum superficiale; $gg’a’’c, stratum griseum centrale + stratum “Bum” centrale;
sgp, stratum griseum periventriculare; SNr, sub8tanigra pars reticulata; sop, stratum opticum; i Tsubthalamic
nucleus; Str, striatum; Th, thalamus; TSC, torumisécularis.
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Substance P and Enkephalin Immunoreactive StriataNeurons Project to the Pallidum

If an indirect pathway exists in lamprey, as thespnce of a subthalamic nucleus suggests, then
there should be two separate populations of medipmy neurons (MSNSs) that express either
enkephalin or substance P. Immunohistochemistryealed that striatal neurons retrogradely
labeled from the putative pallidum (Figures 5A &tf) were immunoreactive for substance P or
enkephalin (Figures 5B-5D, n = 3; Figures 5F-5Hs 18). The substance P immunoreactive
neurons were located in the rostral striatum amdnged in a tight cluster ventral to the striatal
band, which is in accordance with previously puids data [28]. In contrast, the enkephalin
immunoreactive neurons were observed more caudaltly were mainly confined to the striatal
band (see Figure S1 available online). This topagrasegregation in populations has not been
observed in other species [5] and may indicate ¢hah population develops in different domains
before migrating, in jawed vertebrates, to formraarmingled population.

Double staining for substance P and enkephalin stowhat there was no overlap in the
immunofluorescence in the pallidum (Figures 6A &Y. This suggests that the substance P- and
enkephalin-expressing striatal neurons form distpopulations and may form the input layers of
the direct and indirect pathways.

MLR injection

Figure 3. Separate Pallidal Subpopulations Projecting taiBstem Motor Regions and the Subthalamic Nucleas A
Intermingled (A-L) Retrograde (Alexa Fluor 488-aaggted 10 kDa dextran) labeled neurons (green) figections
into the optic tectum and the diencephalic locomogégion and retrograde neurobiotin- labeled neusofred) from
injections into the mesencephalic locomotor regioptic tectum, and subthalamic region (A), (D), ,(@pd (J).
Corresponding injection sites (B), (C), (E), (FH)( (), (K), and (L). Scale bars represent 200 n{M) Schematic
drawing showing that separate populations of pallideurons that project to both motor areas andibtealamic area
are intermingled. For abbreviations, see Figureegénd.
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Substance P and Enkephalin Fibers Differentially Cotact Separate Pallidal Projection
Neurons

To test whether the substance P- and enkephaliregsipg striatal neurons contact separate
pallidal subpopulations associated with the digeud indirect pathways, we retrogradely labeled
pallidal neurons from either the putative subthatanucleus (Figure 6B; n = 3) or the optic tectum
(Figure 6E; n = 4). The subthalamic projecting oesr were mainly contacted by enkephalin
immunoreactive fibers, and 87% 6 11% of all puttigontacts were immunoreactive for
enkephalin (Figures 6A and 6C; n = 9). This arramge closely mimics the mammalian
organization because there is a predominant indiea&ephalin-GPe-STN) pathway [22].

In contrast, neurons projecting to the optic tectware predominantly contacted by substance P
immunoreactive fibers (80% 6 13%). The processessamata of these neurons were peppered
with numerous substance P putative synaptic can{&agures 6D and 6F; n = 12) as with the direct
(substance P-GPi-motor areas) pathway. Despite different pallidal subpopulations being
intermingled in one pallidal nucleus, it appearattthe predominant functional arrangement of
direct and indirect circuits is present even in titg/logenetically oldest group of vertebrates
(Figure 7). As in mammals, this functional arrangeins complicated by the fact that “direct” or
“Indirect” projecting MSNs contact both GPe-likend GPi-like neurons [29, 30]; consequently,
crosstalk between these pathways, at the pall@adl| is also a conserved feature of the basal
ganglia.

| EmTh

Injection site . S . Glutamate

|
PIR spike —*

20 mV
200 ms

N ';antage sag
90 pA
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Pallidum _|
W h
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Figure 4. Anatomical and Electrophysiological Evidence ddcamprey Subthalamic Nucleus (A) Retrogradely llbe
neurons in the subthalamic region following an atien in the pallidum. (B) Glutamate immunoreactneurons in the
subthalamus and thalamus. (C) Merged image inclydilue fluorescent Nissl stain. (D) Transverse isacthrough
the diencephalon showing the prosomeric locatiofisdifferent populations as previously described ][26he
subthalamus is located in prosomere 4. (E) Loogefpeecording of a spontaneous repetitively firinguron (mean
firing frequency 8 Hz). (F) Whole-cell recordingatpontaneously active neuron firing action patdstwith a lower
frequency around 1 Hz, from a baseline potentia2@® mV without any current injection. (G) FiringHmavior of the
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neuron in (F) at different current injections shown red. (H) Hyperpolarization-activated voltage gsaand
postinhibitory rebound (PIR) action potential agesponse to a hyperpolarizing current step. (l) Sohtic sagittal
section through the lamprey diencephalon, showirgglocation of the pallidum and the subthalamiclaus. Scale
bars (A), (B), and (C) represent 200 mm; (D) reprgs 500 mm. The following abbreviations are uge@ProO,
nucleus of the postoptic commissure; Glu, glutamase Figure 2 legend

3.2 Discussion

Our results show that in contrast to a sequerti@dry for the evolution of the basal ganglia, &ll o
the major components of the basal ganglia includinggstriatum, an intermingled GPi and GPe,
and a STN exist in the phylogenetically oldest grof vertebrates. Our results suggest that these
nuclei, interconnected through direct and indigthways, represent evolution’s blueprint for the
vertebrate basal ganglia and form a core netwaak fibtentially, as was hypothesized, evolved as
the vertebrate solution to how to select actiong e propose that during evolution, this
processing unit has been reused to perform the samgutations for different kinds of motor,
emotional, and cognitive information, serving asage selection architecture in the mammalian
parallel loops. By changing the input and outputtli ancestral architecture and processing
different modalities, each loop (functional modull develop a different functional consequence.
Selective activation of the limbic module, for exae) has recently been shown to select the
preference for reward, whereas the motor modukaasvn to select actions [31, 32]. In evolution,
the reuse of an existing feature for a new functias been termed “exaptation” [33], and our
results suggest that this process together withcthigsical adaptation has played a major role in
shaping the evolution of the vertebrate brain. Theent study provides the first direct evidence
that the pallidum exists in a jawless vertebrater @ata suggest that it is homologous to an
intermingled GPi and GPe, based on connectivitylemdar expression, and electrophysiological
properties, as already concluded in the Resultscdntrast to our current results, previous
developmental studies claimed that lamprey waskelylito have a pallidum as a result of the lack
of Nkx2.1 expression in the ventral telencepha®n9]. One explanation for why Nkx2.1 was not
observed in the ventral telencephalon is that #peession of Nkx2.1 occurs later in this area than
at embryonic day 26, which was tested. This islyikbecause the GABAergic neurons in the
forebrain, which during development also rely oe #xpression of Nkx2.1, do not appear in
lamprey until later in development in the larvagds [12]. This transcription factor is also crucia
for the development of striatal and cortical inwrrons [34], and these have been observed in
lamprey, including the cholinergic interneuronsuno®s resembling the fast spiking interneurons,
and GABAergic neurons in the pallium [25] (SfN abst, J. Ericsson et al., 2010). Together with
the evidence that we provide here, it would apegaer that the pallidum and striatal interneurons
that rely on the expression of Nkx2.1 are preseriimprey and have developed under different
transcriptional control or, more likely, that thallpum differentiates later in development than in
other vertebrates.
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Figure5. Substance P and Enkephalin Are Expressed int8ltiaojection Neurons

(A) Injection site in the putative pallidum, cowstained with red fluorescent Nissl stain.

(B) Neurobiotin retrogradely labeled neurons in #tgatum following an injection in the putativelfdum.

(C) Substance P immunoreactive cells in the stnmtu

(D) Merged image.

(E) Injection site in the putative pallidum, cowstained with red fluorescent Nissl stain.

(F) Neurobiotin retrogradely labeled neurons in tte@atum following an injection in the putativelfidum.

(G) Enkephalin immunoreactive cells in the striatum

(H) Merged image. Scale bars (A) and (E) repregfft mm; (B), (C), (D), (F), (G), and (H) represdt0 mm. The
following abbreviation is used: EmTh, eminential&inai.

The pallidal arrangement thatweshowhere with suostaand enkephalin neurons projecting to an
intermingled GPi and GPe is likely to be presentother nonmammalian vertebrates. This
organization has previously been demonstratedrots4iL8], whereas in reptiles, lungfish, sharks,
and amphibians, substancePand enkephalin fibeesviate the entire pallidum instead of separate
nuclei, but in these species, a subdivision of @& and GPe pallidal populations remains to be
demonstrated [35-38]. The arrangement of the marmmahllidum differs from other vertebrates
because the substance P and enkephalin neurorm pneahtly project to separate nuclei, the GPi
and GPe, respectively [39]. Despite this gross imaiqgical change, our data suggest that the
functional arrangement of direct (striatum [subse&ai?]-GPi-motor areas) and indirect (striatum
[enkephalin]-GPe-STN) pathways appear to be corservjawless vertebrates. Our results suggest
that the indirect pathway is an integral part dfvaltebrate basal ganglia and evolved before jawed
and jawless vertebrates diverged over 560 mya [Rd]additional feature of the basal ganglia in
other vertebrates is a secondary parallel diretivpay through the basal ganglia, culminating in the
substantia nigra pars reticulata (for review sdg [Bhis dual-output nucleus is also likely to have
been part of the ancestral basal ganglia becauaesdggest that a homolog of this nucleus is also
present in lamprey (SfN abstract, M. Jones eR8D9; FENS abstracts, J. Ericsson et al., 2010; B.
Robertson et al., 2010). The evidence for a lampaayolog of this nucleus will be presented in a
forthcoming study (M.S.-J., E.S., B.R., and S.Gnpublished data). A limited number of
GABAergic projection neurons are also present enéntrolateral pallium that target MLR but not
tectum [13, 15]. It was inferred by Pombal et &l. that these cells might receive projections from
striatum, and consequently be in a pallidal nugléus this has yet to be confirmed. In contrast to
this view, cells in the same area provide inpustt@atum, as does the pallium in other vertebrates
[7]. Functionally, as mentioned in the Introductiothe basal ganglia are known from
computational, physiological, and behavioral datglay an important role in action selection [4,
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40-43]. In mammals, the direct pathway has beemwsho induce actions by reducing the tonic
inhibitory output of the pallidal output nuclei (&8&Nr) [3, 31]. In contrast, the indirect circuifry
when selectively activated, suppresses actions noyeasing the inhibition of thalamic and
brainstem motor areas [31]. As a result of thewda@ctivity and inhibitory projections to brainste
and diencephalic locomotor regions, the GPi-likeroas are good candidates for providing the
tonic inhibition of motor areas that is observedamprey [13, 14]. In addition, removal of this
inhibition has been shown to either induce actimnsignificantly lower the threshold for initiation
[13, 14]. This suggests that the anatomical archite may also function in a similar way to
mammals because altering the level of inhibitiorotigh the direct or indirect striatal projections
should either increase or decrease the inhibittomotor areas and select or suppress actions.
Although the circuitry may be conserved, the betwaliimpact of the basal ganglia depends on its
input and output connections. In lamprey, we shbat the majority of basal ganglia output is
directed toward brainstem motor areas, includirgaptic tectum, pretectum, MLR, and DLR. This
suggests that the basic function of the basal gamglto influence the selection of actions from
brainstem motor areas. In the mammalian speciessithplified direct and indirect circuitry has
been suggested to control limbic and associatinetfons in addition to motor selection [32, 44,
45]. These different modalities are thought to lepssed in homologous parallel loops (functional
modules), each of which contain the same directiragidect circuitry [39, 46].

Because we now show that this core circuitry isliiko have been present in the common ancestor
of all vertebrates it suggests that during evolyteach of the modules has arisen from a replicatio
of the ancestral architecture and that the input antput of this core computational unit has
changed rather than the internal organization efdincuitry. As a result of this, we propose that
during evolution, these circuits have been coopththugh a process of exaptation, to serve
multiple functions through homologous parallel r&geof this architecture. Even though our data
suggest that the basal ganglia evolved mainly tiinaexaptation, we do not rule out the possibility
that additions to this core architecture may haisea through adaptation.

Possible additions may have occurred at the migwoitior cellular level, especially in the striatum
where the types and the electrophysiological ptogseof neurons have been shown to be diverse in
mammals [47, 48] and to differ from nonmammaliaecsgs [49]. These striking results show that
the detailed basal ganglia circuitry found in marsead already emerged in the phylogenetically
oldest group of vertebrates. It has thus been ceedemost likely as a common mechanism for
action selection, in all vertebrates, from lampreygrimates. The presence of the complete basal
ganglia circuitry in all vertebrates suggests tlias architecture may have evolved before
vertebrates and invertebrates diverged. Althoughcttmposition of any such invertebrate system
remains to be elucidated, recent work has suggekttdhe central complex may play a similar
function to the basal ganglia in Drosophila [50hisTraises the intriguing possibility that the Hasa
ganglia may be present as a common mechanism fectise in all animals with bilateral
symmetry, and not just in vertebrates.

Our data challenge the classical view that bra@msehevolved from simple to complex through

sequential adaptation. Our results indicate insthatithe complexity of mammalian brains at least
in part has evolved through multiplication and fiimeal reuse of existing ancestral circuits, a
process that is also thought to have occurredharareas of the brain including the hindbrain [51,
52]. This process of functional reuse of an exgstieature is known in evolutionary biology as

exaptation, and our results suggest that this kbas lan important process in the evolution of the
brain.
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Figure 6. Substance P and Enkephalin Fibers Differentidlgntact Separate Pallidal Projection Neurons (A-C)
Confocal projection of a pallidal neuron retrogrdgelabeled (blue) (A) from an injection (neurobigtiin the
subthalamic region (B) with substance P (red, yellErrows) and enkephalin (green, white arrows) imorneactive
fibers. The yellow dotted line indicates the plamevhich the z-y axis of the confocal projectiorsi®wn (C). (D—F)
Confocal projection of a pallidal neuron retrogrdgdabeled (blue) (D) from an injection in the aptectum (E) with
substance P (red, white arrows) and enkephalinggreellow arrows) immunoreactive fibers. The welliotted line
indicates the plane in which the z-y axis of thefeoal projection is shown (F). Scale bars (A) 4B represent 50
mm; (B) and (E) represent 200 mm

A | Limbic B Lamprey Basal Ganglia =
Exaptation Associative Y
(Functional '\ HB'

l Sensol \ ibe A
reuse) el DB e . (GPilGPe) ¢ < | ar

Striatum /-

GPilEP

- - Core ancestral selection architecture

Figure 7. Comparison of the Mammalian and Lamprey Basal Gan@) Schematic showing the evolutionarily
conserved functional module in the form of a mdbop and subsequent functional repeats of this is@cture that
have likely evolved through exaptation. Blue and eerows indicate GABAergic or glutamatergic prdjeas
respectively (A—C). The question marks indicatéufes that are clearly present in the mammalianh#ecture but
have not been explored in lamprey, including thpengirect pathway and possible GPe and GPi progeti (B)
Schematic sagittal section through the lampreymstiowing the location of the known basal ganglialei and their
connectivity; for data regarding the ntp (SNc), §ge (C) Schematic section of a mouse brain offgra comparison to
lamprey for the topographic location and known mati@m basal ganglia connectivity. The following abkiations
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are used: DA, dopamine; DP, dorsal pallidum; Enkkephalin; EP, entopeduncular nucleus; GP, globaligus;
GPe, external segment of the globus pallidus; GRé&rnal segment of the globus pallidus; Hb, hablanotp, nucleus
tuberculi posterior; SNc, substantia nigra pars q@uta; SNr, substantia nigra pars reticulata; SBbstance P; STN,
subthalmic nucleus; Th, thalamus

Experimental Procedures

Experiments were performed on a total of 53 adwirdiampreysl(ampetra fluviatili3. For ethical
committee approval and guidelines adhered to, appl&mental Experimental Procedures.

Anatomy

The dissection, injections, fixation, and sectignf the lamprey brains for anatomical experiments
were performed as previously described ([53]; dee &upplemental Experimental Procedures).
Injections of Neurobiotin (Vector; 20% in distilledater) or Alexa Fluor 488-dextran 10 kDa (12%
in distilled water; Molecular Probes Europe BV) wasssure injected unilaterally into the medial
pallium (n = 9), striatum (n = 6), subthalamic rexd (n = 7), optic tectum (n = 12), MLR (n = 6),

and DLR (n = 6).

Immunohistochemistry

Primary antibodies immunoreactive for substance eRkephalin, parvalbumin, GABA, and
glutamate were used. Sections were subsequentijpated with different secondary antibodies
(1:500; Jackson Immunoresearch) and Neurotracd@l:6lolecular Probes); see Supplemental
Experimental Procedures for details of primary sacondary antibodies used.

Electrophysiology

Slices for electrophysiological recordings were maabk previously described ([54]; see also
Supplemental Experimental Procedures for detalsatomical landmarks (eminentia thalami and
optic tract) or retrograde labeling was used taidg neurons in the pallidum for whole-cell (n =
13) and loose-patch recordings. Retrograde lab&lorg the pallidum was used to identify neurons
in the subthalamus (n = 7).

Supplemental Information
Supplemental Information includes one figure ang@emental Experimental Procedures and can
be found with this article online at doi:10. 10164p.2011.05.001.
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4. Introduction: Selective Projection Patterns from Subtypes of
Retinal Ganglion Cells to Tectum and Pretectum: Distribution and
Relation to Behavior

One major goal of neuroscience is to reach an stalating of the cellular bases of goal-directed
behavior. Fundamental aspects of how these cosystems are designed have been addressed in
the lamprey, in which the brainstem/spinal cordmoeks underlying locomotion and steering are
understood at the cellular and synaptic level,sathé vestibular control of body orientation (for
reviews, see Grillner, 2003; Deliagina et al., 2008suomotor coordination is another critical
aspect that needs to be understood at this detaited but has so far received much less attention
In the lamprey, two forms of visual motor behavimave been studied in some detail: escape
swimming resulting from sudden visual stimuli (Ulle et al.,, 1993, 1997; Deliagina and
Fagerstedt, 2000), and the dorsal light responpeptactive reaction, which makes the lamprey or
other fish rotate the dark dorsal aspect of theyltodvard the sun (the light source) and thereby
become less visible for predators. Both dependhenpretectal nuclei and can be elicited after
ablation of the entire optic tectum (Ulle” n et, d993, 1997; Deliagina and Fagerstedt, 2000).
Tectum is, however, required for ordinary goal-otéel motor behavior, and it contains a well-
organized motor map (Saitoh et al.,, 2007). Stinmatof the optic tectum can result in a
combination of eye movements, orienting movemeants, locomotion. The amplitude, direction,
and combination of motor actions vary in a siteedfipe manner across the tectal surface. The
lamprey retina is well developed, with five diffatevisual pigments (opsins) and photoreceptors,
each sensitive to a different wave-length, beirthalogous to that of jawed vertebrates (Collin et
al., 2003; Davies et al., 2007). The optic systdrthe lamprey eye is also well developed, with a
multifocal lens, which suggests that the abilityd®ate wellfocused color images had already
evolved before the lamprey separated from the beate evolutionary line leading to jawed
vertebrates (Gustafsson et al., 2008). Less is kravout the different types of ganglion cells that
forward information to tectum and other areas @f lthain: they were subdivided into two groups
referred to as outer and inner ganglion cells bizgch and Collin (1990).

When the lamprey transforms from its larval stagetds adult form the retinotectal organization
develops (de Miguel et al., 1990). As in other @brates, the retinal ganglion cells project disectl
to the superficial layers of the optic tectum, wihprominent input from the contralateral and a
limited input from the ipsilateral retina, as wa#l to the pretectum (Kennedy and Rubinson, 1977;
Repe” rant et al., 1980, 1982; Vesselkin et al§4)9However, the detailed organization of this
input onto the tectum has not been investigated, raither have the subtypes of retinal ganglion
cells that contribute to this projection or the jpotion to the pretectum. An appreciation of the
projection pattern from the retina to the tectund @metectum is critical for an understanding of
how the visuomotor coordination is achieved. Sitiee lamprey diverged from the evolutionary
line prior to the evolution of jawed vertebratescannot be assumed that the retinal innervation
pattern of tectum follows the same “rules” as iasi groups. Our aim is therefore to identify the
morphological types of retinal ganglion cell in taenprey and determine which of these cells are
important for visually guided pretectal and tedvehaviors. The approach is threefold: first, to
identify the different types of retinal ganglionllsan the lamprey retina; second, to identify whic
retinal ganglion cells contribute to the tectal girétectal visuomotor pathways; and finally, to
examine directly how each of the morphological sypé retinal ganglion cells projecting to these
areas are distributed throughout the retina. Tdtied information is not only lacking from lamprey,
but from almost all other vertebrates. A handfuktfdies have investigated how retinal ganglion
cells projecting to the tectum are distributed tigloout the retina, but in these cases the cells wer
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differentiated only by soma size, not by locatiard ageneral morphology (Wa" ssle and llling,
1980; Provis and Watson, 1981; Rapaport and Wil$883; Perry and Cowey, 1984; Lugo- Garcia
and Kicliter, 1988; Wye-Dvorak et al., 1990; Singmand Scalia, 1990). We report that out of six
distinct morphological subtypes of ganglion celptthat have not been described before in any
vertebrate project to the pretectum. Four otheglam cell types, which may be homologous to
those seen in other vertebrates, project to thartecThis projection is arranged retinotopicallglan
the density of these types in different areas efrétina is correlated with the tectal behavioythe
may induce.

4.1 Materials and methods

Experiments were performed on a total of 56 youdiglta(15-18 cm) sea lampreys (Petromyzon
marinus) and 12 adult river lampreys (Lampetraifltivs). The experimental procedures were
approved by the local ethical committee (StockhslmorraDjurfo” rso” ksetiska Na™ mnd) and
were in accordance with The Guide for the Careldsel of Laboratory Animals (National Institutes
of Health, 1996 revision). During the investigatie@very effort was made to minimize animal
suffering and to reduce the number of animals used.

Experimental preparation

The animals were deeply anesthetized in tricandanet sulfonate (MS-222; 100 mg/L; Sigma, St.
Louis, MO) diluted in fresh water. They were theansected caudally at the seventh gill and the
dorsal skin and cartilage were removed to exposdtain. During the dissection and the injections,
the head was pinned down and submerged in ice-@@xiggenated HEPES buffered physiological
solution (138 mM NaCl, 2.1 mM KClI, 1.8 mM CaCl22InM MgCI2, 4 mM glucose, and 2 mM
HEPES), pH 7.4.

The meninges surrounding the optic tectum were wvexhowith fine forceps and small 1-mm
squares of filter paper, soaked in collagenasdisall mg/mL in distilled water), were applied to
the dorsal surface of the exposed tectum. Followivg 15-minute applications of the enzyme, the
membrane covering the tectum could be removed. Wais done to ensure that the injection
micropipette could penetrate the tissue with makeaae.

Abbreviations
A Anterior 0GC Outer ganglion cell
ARRN Anterior rhombencephalic reticular nudleus OMNL Outer nuclear layer
BPGC Bipolar ganglion cell OPL Cuter plexiform layer
c Caudal IPLi Inner inner plexiform layer
D Doreal . IPLo Ourter inner plexiform layer
DA Dorsal-anterior ot Optic tactum
DF Dorsal-posterior P Posterior
EC FIHF'“"“BI g:ﬂg*w PR Photoreceptors
IGC Inner ganglion coll R ?a::'n el contrale
INL Inner nuclear layer s8C y N -
IPL Inner plexiform layer sfgs Stratum ﬁl:!roaun et griseum superficiale
L Lateral sgC Stratum griseum centrale
M Media sOp Stratum griseum periventriculare
My Mesencephalic Maller cell 3 sop Stratum opticum
M5 Mesencephalic M5 nucleus of Schober T Temporal B
nill Oculomotor nerve TSC Torus semicircularns
MMLF Mucleus of the medial longitudinal fasciculus v Ventral
oM Cuter limiting membrans VA Ventral-anterior
OFL Optic fiber layer VP Ventral-posterior

Retrograde tracing.
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Once the membrane over the optic tectum was rem®@e200 nL of fluorescently coupled 3 or
10 kD dextrans (Texas Red, Fluorescein or Alexg &88ecular Probes Europe, the Netherlands;
12% in distilled water) or neurobiotin (Vector, Bagame, CA; 20% in distilled water containing
fast green to aid visualization of the injected®r were pressure-injected unilaterally or bilaligr
into the superficial layers (see list of abbrewas, sfgs and sop) of the optic tectum=43) or
into the pretectumn(= 6). The neurobiotin injections covered the whslaface of one tectal
hemisphere and were used for the analysis of tirarganglion cells. For optic nerve injectioms (

= 7) the brain was dissected out leaving the apives and optic chiasm intact. 20% neurobiotin
was then injected into the optic nerve, at theyettdrthe optic chiasma. Glass (borosilicate, OD =
1.5 mm, ID = 1.17 mm) micropipettes, with a tip deter of 10-20 _m, were made using a
Narishige vertical puller. The micropipettes webeedl in a holder, which was attached to an air
supply and a Narishige micromanipulator. The sizéhe injection and the spread of the tracer were
monitored by visual inspection. After a pause of1® minutes, to allow the tracer to diffuse, the
injection was repeated to ensure that a suffi@embunt of tracer was injected in as small an asea a
possible. Following injection the head was keptseiged in HEPES in the dark at 4°C for 24-48
hours to allow retrograde transport of the tracer.

Dissection and histology

The contralateral and the ipsilateral eyes wersedig®d from the head and careful attention was
paid to ensure that the orientation of the eye Waswn even after it was removed from the
cranium. Four incisions were then made in eachagyke four poles (dorsal, ventral, anterior, and
posterior), from the lens extending almost to th&aconerve. The lens was then removed and the
remainder of the eye was laid flat so that thene¢tsurface was exposed. The flat retinas were
flipped so that the pigment layer was facing ups tiwas then removed with fine forceps. The
retinas were mounted flat on slides and allowedryobefore being mounted in glycerol containing
2.5% diazabicyclanooctane (Sigma).

The brains were then dissected out of the surragniisue and fixed by immersion in 4% formalin
and 14% saturated picric acid in 0.1 M phosphatéebyPB), pH 7.4, for 12 hours, after which
they were cryoprotected in 20% sucrose in PB foo@rs. Thirty-_m-thick transverse sections were
made using a cryostat, collected on gelatin coslides, and coverslipped in the same solution as
the retinas. For analysis of the neurobiotin retdgly labeled retinal ganglion cells, the retinas
were dissected as above and immersed in fixativ@ twours followed by 2 hours in 20% sucrose,
before 40-_m-thick transverse (through the dorstaéraxis) cryostat sections were made. The
sections were subsequently incubated with Cy2/CgBjugated streptavidin (1:1,000; Jackson
Immunoresearch, West Grove, PA) and NeuroTracegreelh fluorescent Nissl stain (1:500;
Molecular Probes) diluted in 1% bovine serum albu@@SA), 0.3% Triton X-100 in 0.1 M PB for

2 hours.

Analysis

Transverse brain sections from the pretectum todbtal rhrombencephalon were analyzed using a
Nikon fluorescence microscope to locate the inpedisites. Photomicrographs of key results were
taken with a Zeiss Axiocam digital camera (Carls&eiStockholm, Sweden), while the location of

the injection site was mapped on schematic drawofgsansverse sections through the lamprey
brain. All injections are mapped on one side of Huhematics irrespective of their actual

lateralization to facilitate comparison of injectisites. These drawings were made in Adobe
lllustrator CS2 (San Jose, CA) from serial transeeNissl-stained sections. lllustrations were

prepared in Adobe Photoshop CS2. The retinas wealyzed with the same equipment as above.
The location of labeled retinal fibers was mappestantly after mounting to ensure that the
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labeling did not fade. The retinal projections wemgapped on retinal schematics and
photomicrographs of the retinal projections weketa

The sectioned retinas were analyzed to determmelistribution of the retinal ganglion cell types.
A third party person randomly ordered the slideshecontaining ~15 sections, so that the order of
the sections was blinded before counting. To syateally randomize which sections were
counted, every fifth section was analyzed; in thés 20% of each retina was sampled. We divided
up each section into counting areas using a 10 yenpiece graticule. By counting profiles in every
fifth section we ensure that each profile belongsatsingle cell, thereby reducing the error in
counting single cells multiple times. To ensuret tva do not overestimate the number of large-
diameter cells we applied the Abercrombie correcfactor to our results (Abercrombie, 1946).
The soma diameters in the z plane were estimatacdtanfocal microscope.

For statistical analysis, the data from five ipgifal and five contralateral retinas were divided u
into four-by-four areas and averaged (see Fig. LO5Ections were grouped according to which
part of the anterior/posterior retina they werenfroanterior-lateral, anterior-medial, posterior-
medial, or posterior-lateral, each group contaifieé analyzed sections per retina. For the
dorsoventral axis, each section that uninterrugteghnned the retina was divided into four equal
counting areas using the eye piece graticule aretevne retinal cut split the sections each portion
of the section was divided into two equal areass Tésulted in each retina being divided up into a
four-by-four grid. The profiles counted in eachaod the grid were converted to cell density, using
the measured length of the area and the knownrteg of the section. These cell densities within
each area of the grid were then averaged. ThaleeBities from corresponding grid locations from
the five retinas were then averaged and the stdreteor of the mean was calculated.

To calculate whether there was any significantetiéhce in the cell density across the retina we
compared the profile counts from different partstlod retina. For example, the posterior lateral
edge (20 points; four from each of the five ret)jnesre compared to the 20 points from the anterior
edge using a two-way unpaired (two-sample) t-i€stfocal Z-stacks of the sectioned retina were
obtained using a Zeiss Laser scanning microscofeabil the projection images were processed
using the Zeiss LSM software to verify the 3D shapé¢he retinal ganglion cells. The soma area
(20 cells of each type) was measured from imadesntavith an Olympus BX51 microscope using
the image acquisition program CellA (Olympus sofaging solutions).

TABLE 1. Sumnmary of the Sze, Density, Dendnbic Stretficeton, and
Projections for Each of the Morphological Types of Retinal Ganglion Celis

Peak density

[cellefmm?) retinal Dendrites Dendrites in  Central
Type Size (um?) location) in IPL OPL/OLM target
IGCa 141 =117 453 = 130 (VA + - Tiectum *
IGCh 101 =63 220 = 59 VP + - Tesctum *
0iFCa 136 + 44 114 = 42 W] + 4 Tedcthum *
OGCh  HEx 147 41 =133 VA + = Testum *
OGCo 24 =70 176 = 60 [DG) == + Pretectum
BPGEC B0 =11 13 =102 (W5 - + Pretectum

A (+) rafars to the prasence and a [—) reters to the sbsance of dendmtes in the
respeciive retinal Eyer. Asterisk in the column “dendrites In IPL” indicates that ona
gubtype of OGOC, e DIplEXTonm OGCC, 0oes hava dandites n the Inner pleioem
layer alihough ol other DGCC subtypes do nol. Asterisks In the column “centrsd targset™
Indicate thal It Is nol possibie to ne out the possidity that the morphological types of
retinal ganglion call projecting 1o the tachsm also tarminate In the pretectum.
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li m : li I Sclerad Figure 1
Innesangloneel 2 Y e i T Photomicrographs of the two types of inner
T ganglion cells (IGC), labeled after optic nerve
injections, with their distribution in the retina.
A,B: Confocal images of the retina (green =

fluorescent Nissl stain) with the two types of
retinal ganglion cells in red, IGCa (A) and IGCb
(B). The arrows point at the soma of the cells
described and the asterisks indicate their axons.
The inner nuclear layer (INL) and the outer
(IPLo) and inner (IPLi) sublayers of the inner
plexiform layer are indicated. C: Nissl-stained
section of the retina with a schematic
representation of IGCa and IGCh. The retinal

Infer Nuglear

D postsrisr ———> Anterior E layers are indicated, as are the sclerad and
foll N vitread sides of the retina. D,E: Schematic
225 \ representation of the retinas showing how the
e : cell densities, of the IGCa (D) and IGCb (E),
i'sa 55 vary across the retina. Scale bars = 20 pm.

168
+ 47

200

Ventral <«———— Dorsal
&

4.2 Results

We will report our findings with regard to the shorphological types of retinal ganglion cells and
their projections to their two target areas forueisiotor coordination, tectum and pretectum, in the
following sequence: 1) A description of six diffateypes of ganglion cells based on retrograde
labeling from the optic nerve. 2) The retinotopiapronto the tectum. 3) The projection pattern of
four types of ganglion cells onto tectum. 4) Thejgction pattern on to the pretectum of two
ganglion cell types not projecting to the tecturgpds of retinal ganglion cells Injections into the
optic nerve, at the level of the optic chiasm, leslin labeling of retinal ganglion cells in alleas

of the retina. The retinal ganglion cells obserweste classified based on the location of the soma
and the dendritic stratification. First, cells wetassified based on the location of their somaciwh
were observed in both the inner nuclear layer &edinner plexiform layer, termed inner (IGCs)
and outer ganglion cells (OGCs), respectively, atoadance with the nomenclature used by
Fritzsch and Collin (1990). Second, the IGCs wergher subdivided as their somata were located
in one of two distinct inner plexiform sublayergré referred to as inner plexiform outer (IPL0)
and inner (IPLi), in accordance with Villar-Chedaat (2006). The OGCs were also subdivided
based on the location of their soma within or om tiorder of the outer nuclear layer. Third, the
cells were classified according to whether themdifges terminated in the inner plexiform layer,
the outer plexiform layer, or the outer limiting mierane. Based on the soma location alone, we
distinguish four groups of retinal ganglion ceBy including the additional criteria of dendritic
stratification these can be further subdividedultesy in a total number of six types of retinal
ganglion cell in the lamprely. marinus.
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Retinal ganglion cellswith dendritesin theinner plexiform layer. Inner ganglion cells.

The somata of the IGC’s are situated in one oftweinner plexiform sublayers (Fig. 1A-C). The
IGCa somata are situated in IPLi (Fig. 1A), thegaisses of these cells are all, except for the axon,
located within this inner plexiform sublayer (FIgA, Table 1). Once the axons have left the inner
plexiform sublayer they pass sclera toward thecofber layer. Axon collaterals that branch off
after the axon has left the inner plexiform subtayen and return to the sublayer they originated
from (Fig. 1A). The cell bodies of these cells evend and with an average size of 141 + 117.um
The IGCa cells were nonuniformly distributed thrbagt the retina, with the highest density in the
ventralposterior retina (483 + 130 cells/Mrig. 1D, Table 1). Over the entire retina themsva
2.5 times increase in IGCa cell density from théeaor to the posterior retina. There was a
significant difference in the cell densities betwete posterior-lateral as compared with the
posterior-medialP < 0.01), the anterior-mediaP(< 0.01) and the anterior-laterd € 0.01) retina
(Fig. 1D). However, there was no significant diéiece between the dorsal and ventral retiha (
0.3).

The somata of the other subtype, IGCb, are locetdde second sublayer of the inner plexiform
layer (IPLo) situated closer to the optic fiberdayFig. 1B,C). The dendrites and axons of these
cells also pass within the plane or sclerad ofrtimgier plexiform sublayer and are never observed
passing vitread toward the other inner plexifornblayer. The soma of IGCb cells were oval-
shaped as opposed to round, with an average s@aaft01 + 53 pm(Table 1). The distribution

of IGCb cells throughout the retina was similathat of the IGCa with the highest density in the
ventral-posterior retina (220 + 59 cells/MrRig. 1E, Table 1). There was a significant défece in

the cell densities between the posterior-lateralomspared with the posterior-medi&® € 0.01), the
anteriormedial R = 0.015) and the anterior-laterd? & 0.01) retina. However, there was no
significant difference between the dorsal and \&@netina P = 0.29). While the IGCa and b cells
were distributed in a similar pattern across thaaethere were on average 2.2 times fewer IGCb
cells in any given area of the retina. Followindiomerve injections, nonretrogradely labeled cells
were also observed in both inner plexiform sublay€ig. 1A,B).

Quter ganglion cell A Outer ganglion cell B Outer ganglion cell B

Anterior
g«
= 99-50@
B
=
A
o«
S
= ::,1‘5’
o
| 39'"1,0
B!
O o
S

cells/mm?

Ventral €———— Dorsal

Figure 2. Photomicrographs of theuter ganglion cells, OGCa and OGCb, labeled afiptic nerve injections, with
their distribution in the retinaA—C: Confocal images of the retina (green = fluaest Nissl stain) with ganglion cells
in red, OGCa (A) and OGCb (B,C). The arrows pointh@ soma of the cells described and the asterskisate their
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axons. The outer nuclear layer (ONL), inner nuclisgrer (INL), and the outefiPLo) and inner (IPLi) sublayers of the
inner plexiform layer are indicated. D: Nissl-staih section of the retina with schematic represémtatf OGCa and
OGCh. E,F: Schematic representation of the retislagwing how the cell densities, of the OGCa (D) @@&iCb (E),
vary acrosghe retina. The retinal layers are indicated withbaeviations. Scale bars = 20 um.

Outer ganglion cells.

The somata of the OGCa and OGCb are located im ¢ihe@border of the inner nuclear layer (Fig.
2A-D). The dendrites of OGCa and OGCb pass intanther plexiform layer (Fig. 2A-D, Table 1).
The OGCa somata are located on the vitread bofdéeonner nuclear layer and have oval somata
that were on average 136 + 44 umz2 (Fig. 2A,D, Tapldheir dendrites pass both within the plane
of their cell body and into the outer inner plexifosublayer (IPLo). The axons of these cells have a
characteristic collateral that branches at a 9@fleajust after the axon has left the soma. This
collateral then passes into the inner plexifornefayut as with the dendrites it does not pass the
outer inner plexiform sublayer (IPLo). All processaf these cells are therefore situated vitread of
the optic fiber layer (Fig. 2A,D). The OGCa cellg ainiformly distributed throughout the retina
with the highest density of 114 * 42 cells/mm2he ventral-medial retina (Fig. 2E, Table 1). There
was no significant difference between the denditPGCa in the posterior and the anterior retina or
between the ventral or the dorsal retina. The sama®GCb cells, in contrast to OGCa, are located
in the midst of the inner nuclear layer and aré-flghped, with an average size of 216 + 147 um2
(Fig. 2B-D, Table 1). These cells characteristicalhve their axon and a thick primary dendrite
emanating from their vitread border (Fig. 2B-D).likke the other cell types, dendrites from these
cells can be observed in both inner plexiform sydrs. All the processes of this cell type, like
those of the OGCa, are observed vitread of thecdgier layer. These cells are nonuniformly
distributed throughout the retina with the highdehsity of 441 £133 cells/mm2 in the ventral-
posterior retina (Fig. 2F, Table 1). There was3titnes increase in cell density from the antetigor
posterior retina. There was a significant diffeeirt the cell densities between the posterior-dater
as compared with the posterior-medial (P = 0.0%),anterior-medial (P < 0.01), and the anterior-
lateral (P < 0.01) retina. However, there was rgnificant difference between the dorsal and
ventral retina (P = 0.76).

Retinal ganglion cells with dendrites in the ouydtégxiform layer.

Outer ganglion cells. In contrast to the ganglieiiscmentioned above, OGCc’s have dendrites and
axon collaterals that run on the sclerad side efdptic fiber layer (Fig. 3A—C,G). These cells all
have dendrites that pass through the inner nueedrhorizontal cell layer to ramify in the outer
plexiform layer (Fig. 3A-C,G, Table 1). However,lika the other cell types described their
morphology is not uniform. Three different morphgiks are observed: cells with only dendrites
projecting to the outer plexiform layer (Fig. 3Ahase soma are cone-shaped and taper to a single
axonal process are termed OGCcl. Cells with deesdahd axon collaterals projecting to the outer
plexiform layer (Fig. 3B) are called OGCc2, andl&éxiform cells with dendrites both projecting to
the outer and inner plexiform layers are called @&(~ig. 3C). Those cells with axon collaterals
projecting to the outer plexiform layer adhere ttract pattern. The axon collaterals are neven see
innervating the same region as the dendrite, ratieyr terminate symmetrically on either side of
the dendrite in the outer plexiform layer. The aligte between the axon collateral and the dendrite
may vary, but if it does, it is symmetrical with uad distance between each collateral and the
dendrite. The somata of OGCc are large 214 + 70 amanonuniformly distributed throughout the
retina, with the highest density, 175 £ 50 cells/mn the central retina (Fig. 3D, Table 1). There
is a statistically significant increase in the dgnef cells in the central retina as compared wita
periphery (P > 0.01).
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Bipolar ganglion cells.

The final class of retinal ganglion cell resembt#assical bipolar cells (retinal interneurons)
described in the lamprey and other vertebratesteftwe, these ganglion cells are here referred to
as bipolar ganglion cells. Their somata are sn@ll{ 11 um2), located in the inner nuclear layer,
and are bipolar with a primary dendrite emanatimognf the sclerad side of the soma and an axon
from the vitread side (Fig. 3E,G, Table 1). Thedté@rs project through the inner and outer nuclear
layer to terminate in the region of the outer limgtmembrane (Fig. 3E,G, Table 1). The axons of
these cells project through the optic fiber layerthe inner plexiform layer, as is the case with
classical bipolar cells, and in addition thesescetintribute an axon to the axon bundles that leave
through the optic nerve (Fig. 3E). These cellsarly observed in a very small area of the retina
~400 by 650 um, located in the vertical midlinet jusntral of the optic nerve, with the largest
average cell density of all types of retinal gamglcell (513 + 102 cells'rmm2; Fig. 3F, Table 1).

Outer ganglion cell C1 Outer ganglion cell C2 Outer ganglion cell C3 D rosterior ————  Anterior

Ventral 4———— Dorsal

% o
2 3 2 cells/mm?

F Posterior ————— Anterioy,

I

Ventral +————— Dorsal

200pm

Figure 3.Photomicrographs of the outer ganglion cells ¢ (@&E3) and bipolar ganglion cells (BPGC) labeledeaft
optic nerve injections, with their distribution the retina. A—C: Confocal images of the retina gre= fluorescent
Nissl stain) with OGCc ganglion cells in red. Theosvs point at the soma of the cells described #ral asterisks
indicate their axons. The double arrowheads indicatfascicle of axons. D: Schematic representatibthe retina

showing how the cell density of the OGCc varie®sstthe retina. E: Confocal image of the retinae@r = fluorescent
Nissl stain) with the bipolar ganglion cell in re@ihe arrow points at the soma of the cell describad the asterisk
indicates the axon. The double arrowhead indicatefascicle of axons. F: Schematic representatiorthef retina

showing the location of the bipolar ganglion cellsvelve consecutive sections, aligned to the ayiwe or where the
axon fascicles converge, showing the location eftitpolar ganglion cells in red and the optic neimeyellow. G:

Nissl-stained section of the retina with schemagfresentation of a bipolar ganglion cell and OG€zils. The retinal
layers are indicated with abbreviations. Scale bar20 um.

4.2.1 Retinotectal projections
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Macroscopic arrangementn order to understand how the retinotectal propects arranged, we
made multiple injections in the tectum to obsemnch areas of the retina innervate different areas
of the tectum. To correlate tectal injection sitegh retinal locations, we first defined the
rostrocaudal and mediolateral axes through the o@ttum.

The division between the rostral and caudal teciwae drawn immediately before the closure of
the 3rd ventricle (Fig. 4A). The separation betw#den medial and lateral tectum was made at the
extreme dorsolateral surface (Fig. 4A). Here tlotuta extends ventrally, so the ventral pole of the
threedimensional tectum would correspond to therdétedge if the structure was flattened (Fig.
4A). This means that any injection into the doafface of the tectum is in the medial half of the
tectum and any injections in the ventral surfacéheftectum are in the lateral half of the tectum.
The tectal strata with the superficial (sfgs and)sand the deeper (sgc_s‘a’c and sgp) layers of the
optic tectum can be seen in Figure 4B. Following dissection, the whole-mount retinas appear in
the shape of a four-leaf clover with four obviousadrants (dorsal-anterior, DA; dorsal-posterior,
DP; ventral-anterior, VA; and ventral-posterior, V®uring the course of the experiments we
analyzed retrograde labeling in all four quadraritdhe contralateral and ipsilateral retina. Inthé
retinal whole-mounts that contained labeling weenbsd retrogradely labeled fibers that passed
through the optic nerve and then diverged acrossrétina. During the analysis the observed
projections were mapped on to schematic retinadesidivided into four quadrants (Fig. 4G).

Retinotectal organization.

An example of retrograde labeling in a retinal vehoiount, following a tectal injection, can be
seen in Figure 4D. Texas Red-dextran was injectiedthe most caudomedial portion of the tectum
(Fig. 4C, red) and fluorescein-dextran (Fig. 4@&egr) was injected into the same tectal hemisphere
in the middle of the medial tectum. Here we obsdwe distinct injections in the same tectal
hemisphere that give rise to retrogradely labeledr$ in different parts of the retina (Fig. 4D,G).
The Texas Red retrogradely labeled fibers in th@retateral retina were observed spreading from
the optic nerve toward the anterior retinal edgeg.(BD,G). The injection of fluorescein into the
middle part of the medial tectum results in labglin the whole contralateral ventral retina (Fig.
4D,G). No labeling was observed in the ipsilateralina. The injection sites are in close
approximation and may overlap in the rostrocauddline; axons that terminate in this region may
therefore take up both tracers and appear orangs.cblocalization of tracers is observed within
the most anterior part of the ventralanterior mdtiquadrant. This shows that there is a smooth
transition from ventral to anterior retina innefgat along the rostrocaudal axis of the medial
tectum. The degree of separation observed in tirearis also maintained throughout the optic tract
and optic chiasm. The majority of retrogradely laldefibers from each injection can be seen
passing through the optic chiasm (Fig. 4E) andcapgict (Fig. 4F) in separate bundles, while a few
fibers contain both tracers, as is the case imdgtiea. When the data from the 33 injecRcharinus
were combined, the injected surface encompassedrtie superficial layer of the optic tectum
and the corresponding labeled retinal segments eds@red the entire retinal surface. Nine
injections were chosen to illustrate the injecteghaof the tectum that corresponds to labeling of
one of the contralateral retinal poles or labebhthe horizontal band and the ipsilateral retifig (
5A-D). These nine injections were sufficient todathe entire retinal surface and also covered the
whole tectal surface. Injections in the lateral amefdial tectum result in labeling in the dorsal and
ventral retina, respectively (Fig. 5A,B). Inject®ispanning the medial-lateral midline result in
labeling in both the dorsal and ventral retina (Bi@,D) (for a dorsal view of the projection seg.Fi
7). Injections in the rostral and caudal tectumegiise to labeling in the posterior and anterior
retina, respectively (Fig. 5C,D). Retrograde lafglin the ipsilateral retina was observed when
injections were made into the middle of the rositatal and ventrodorsal axis.

The ipsilateral labeling observed was confinedhe posterior retina, whereas the contralateral
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labeling was confined to the horizontal midlinegilPD). We also confirmed that the retinotectal
projection was organized in a retinotopic manneanother lamprey specids, fluviatilis, which is
commonly used in locomotor research. Here the atataral retinal organization was the same as
that of P. marinusput we did not observe any labeling in the ipsrateectina (data not shown).

4.2.2 Tectal projecting retinal ganglion cells

In order to understand which of the six types dined ganglion cells in thé>. marinusretina
project to the tectum, injections were made thateoed the entire optic tectum. Following
retrograde transport, the cells were visualizetransverse sections of the retina. Four of the six
types of retinal ganglion cells, both types of I@€well as OGCa and OGCb, were observed in all
areas of the contralateral retina following teatgctions (Fig. 6A,B). These four types of ganglio
cell were also observed in the ipsilateral retinawere confined to the posterior retina, the arfea
the retina that receives information from the frofithe visual field that is likely to be where the

is binocular overlap (Fig. 6C). All four gangliorlt subtypes have their dendrites in the inner
plexiform layer (Fig. 6D), but not in the outer &g in which OGCc and bipolar ganglion cells
extend their dendrites.

Rostral ;

—>
* Caudal
Medial optic tectum

[ Lateral optic tectum

J \ R : F Optic tract
Posterior LN \ - Anterior

4 ‘\
\ Ventral

Figure4.

Schematics of transverse sections through the laynpptic tectum and retrograde labeling in the vanand anterior
retina of P. marinus. A: The defined rostrocaudatlanediolateral axes. B: A Nissl-stained transvessetion of the
optic tectum at the level of the rostrocaudal mmdliwith dotted lines indicating the different téctayers. The
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superficial layers include the stratum fibrosunggseum superficiale (sfgs) and the stratum opti¢sop). The deeper
layers include stratum ‘album’ et griseum centréd&’c and sgc) and the stratum griseum periventace (sgp). C:

Schematics of transverse sections through the layngptic tectum showing the injection sites.

The injection of fluorescein, mapped in greedoéated in the rostromedial optic tectum. The itifgt of Texas Red,
mapped in red, is restricted to the most caudontqzia of the optic tectum. D: Magnified image ofetinal whole-

mount showing retrogradely labeled fibers resultingm the injection of fluorescein in green and gbdrom the

injection of Texas Red in red. E: Photomicrograplthe optic chiasm showing retrogradely labele@fiborganized in
separate bundles. F: Photomicrograph of the optéxctt showing retrogradely labeled fibers organizedseparate

bundles. G: Schematic retina showing the retinghtmn of labeled fibers. A magenta/green vers®mpriovided as
Supplementary Figure 1. Scale bars = 200 pm in@) @im in D-F.

The distribution of tectal projecting OGCa, unlittee distribution pattern of OGCa labeled after
optic nerve injection (cf. Fig. 2E), was nonuniforithere was no increase in cell density from
anterior to posterior retina but rather there wasrerease in cell density from the ventro- and
dorsolateral to ventro- and dorsomedial retina .(l6ig). From the lateral edge to the horizontal
retinal midline the cell density increased 2.2 sne a peak density of 105 £ 38 cells/mm2; this
difference was statistically significant both frahe ventral edge to the midlin® & 0.003) and
from the dorsal edge to the midline £ 0.004; Fig. 6B). The number of ganglion cellgtos type

or any tectal projecting type was not increasegdryorming multiple tectal injections. The density
of OGCa was on average 18% lower than the densi@@Ca’s observed following optic nerve
injections. The average soma size of OGCa labdted t@ctal injections was 123 = 44 umz2, there
was no significant difference between these andsike of OGCa labeled after optic nerve
injections P > 0.05). Only the large OGCb was uniformly disttgxl throughout the retina, with
the highest cell density of 163 £ 11 cells/mm?2. Beasity of tectal projecting OGCb did increase
slightly in the posterior retina, although this wast statistically significantR = 0.09; Fig. 6B).
This is in contrast to the nonuniform distributi@ihOGCb observed after optic nerve injections (cf.
Fig. 2F). The density of tectal projecting OGCb’asnon average 57% lower than the density of
OGCb’s observed following optic nerve injectionfieTaverage soma size of OGCb labeled after
tectal injections was 261 + 129 umz2; there wasigwificant difference between these and the size
of OGCb labeled after optic nerve injectiofsX 0.05). The IGCa and IGCb were nonuniformly
distributed throughout the retina with similar patts of distribution and with the highest density i
the ventral-posterior retina, 181 + 75 cells/ mma 417 + 48 cells/mm2, respectively (Fig. 6B), as
was the case with the IGC’s following optic nermgections (cf. Fig. 1D,E). IGCa had the most
dramatic increase in cell density with a 3.4 tintegease from anterior to posterior retinal edge.
There was a significant difference in the cell diges between the posterior-lateral and the anterio
medial P = 0.025) or the anterior-laterd® € 0.001) retina.

However, there was no significant difference withire posterior retina between the posterior-
lateral and the posterior-medial paPt£ 0.382). Nor was there any change in the cell idefrom

the dorsal to the ventral retinal edge (Fig. 6B)e Tdensity of tectal projecting IGCa’s was on
average 66% lower than the density of IGCa’s oleserfollowing optic nerve injections. The
average soma size of an IGCa labeled after tagidtions was 83 + 22 umz, significantly smaller
on average than the IGCa’s labeled after opticenernection P = 0.04). The largest soma area of a
tectal projecting IGCa was 119 um2, 27% of the IG&=eled after optic nerve injections were
larger than this, the largest having a soma siz@6afum2. For IGCb, the increase in cell density
was more modest, with a 2.4 times increase indalisity from anterior to posterior. There was
only a statistically significant difference in celeénsity between the posterior-lateral and anterior
lateral retina P = 0.004; Fig. 6B). The density of tectal projectil@®Cb’s was on average 30%
lower than the density of IGCb’s observed followimgfic nerve injections. The average soma size
of IGCb labeled after tectal injections was 93 * |BM2; there was no significant difference
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between these and the size of IGCb labeled aftigr nprve injectionsi > 0.05).

All four types of retinal ganglion cells were foumdthe ipsilateral retina following unilateral tat
injections, these cells were confined to the pasteetina (Fig. 6C). Of the four cell types, OGCa
showed the highest density. This cell type’s ipsiia distribution was similar to that of the
contralateral retina, with the highest density etfragradely labeled cells found in the horizontal
meridian, with a peak density of 54 + 27 cells/m(RR). 6C). All other cell types were uniformly
distributed throughout this area with low averagl densities of IGCa: 10 = 3, IGCb; 8 * 3,
OGChb; 9 £ 2 cells/mm2 (data not shown).

Tectal locations.

In order to show the macroscopic tectal locatidva teceive specific visual input and to define the
axes over which the input changes, color-codedralatéral (Fig. 7A) and ipsilateral (Fig. 7B)
retinal locations are mapped onto a photograph Bf marinusbrain (Fig. 7C), as are the retinal
ganglion cell densities (Fig. 7D). The posteriotégior retinal axis can be seen running from the
rostral tectum (posterior/ yellow; Fig. 7C) to tteudal tectum (anterior/purple; Fig. 7C). The areas
of the optic tectum that receive input from botlk #mterior and posterior halves of the retina are
located in the midline of this axis; for examplee tarea that receives input from the ventral retina
has to receive input from both the VA and VP portad the retina and is located in the midline of
the rostrocaudal axis (V in Fig. 7C). Deviationenfr this midline in the rostral direction reveal
areas that receive input predominantly from thetgyaw retina and vice versa, deviations in the
caudal direction reveal areas that receive inpatd@minantly from the anterior retina. A second
axis runs from the medial to the lateral tectumresponding to the ventral/dorsal retinal axis
(green/red in Fig. 7C). The retinal input that a@eareceives depends on its position with respect t
these two axes.

The area where the boundaries between A/P and Dg¥t ns innervated by the characteristic
horizontal retinal pattern. What is interestingtigat despite this location, also being on the
boundary of the D/V axis, it does not receive progns from the dorsal or ventral part of the ratin
specifically. This, as mentioned earlier, is alse bnly area that receives input from the ipsikdter
retina (black in Fig. 7C). Due to the nonunifornstdbution of retinal ganglion cells projecting to
the tectum, different tectal areas receive diffeimbinations of retinal ganglion cell input (Fig.
7D-F). The rostral tectum receives input from tosterior retina, which has a high density of all
four types of retinal ganglion cells (Fig. 7D,F)heveas areas of the caudal tectum, both medially
and laterally, receive input from the anteriormatthat has a low density of OGCa and IGC'’s (Fig.
7F). The mediolateral midline of the tectum alsterees a specific combination of retinal ganglion
cell input coming from the area of the retina whinas the highest density of OGCa (Fig. 7F).
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Dorsal Posterior B Dorsal B Dorsal Anterior
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Ventral Posterior B ventral Ventral Anterior
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Ventral Anterior B Anterior B Dorsal Anterior

Posterior M Horizontal band M Horizontal band
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Figure 5. Schematic drawings of transverse sections ofRthenarinus optic tectum, showing the location ofeni
injection sites and the corresponding schematitattlocation of the retrograde labeling. A: Seriege shows the
location of three injection sites that give rise tabeling in the contralateral, dorsal, dorsal-anta, and
dorsalposterior retina. The injections are all nésted to the lateral portion of the optic tectuBr. Series two shows
the locationof three injection sites that result in labeling time contralateral ventral, ventral-anterior, anentral-
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posterior retina. These injection sites are alldted in the medial optic tectum. C: Series threanshthe location of
three injection sites that give rise to contralaklabeling in the anterior, dorsal-anterior, aneéntral-anterior retina.
These three injections are located in the caudetiut®. D: Series four shows the location of fouedtijon sites that
give rise to labeling in the contralateral postetiacontralateral horizontal, and ipsilateral poster retina. The
injection sites are all restricted to the rostrabgtion of the optic tectum except the injectiore shat gives rise to
labeling in the horizontal portion of the retinahi$ injection site is in the midline of both thestrmcaudal axis and the
mediolateral axis.

4.2.3 Pretectal projecting retinal ganglion cells

In order to understand which of the six types dined# ganglion cells in the P. marinus retina
project to the pretectum, injections were made tbatred the entire pretectum including the optic
tract, which is innervated by the dendrites of @c&l neurons (Zompa and Dubuc, 1998).
Retrograde labeling of ganglion cells with dendrite the outer plexiform layer and at the outer
limiting membrane (OGCc and bipolar ganglion cellas observed in the contralateral retina
following pretectal injections (Fig. 8A—-C), as wehe four types projecting to the tectum (see Fig.
6A-D). No labeling was observed in the ipsilaterdlna. As the injection site included the optic
tract we cannot rule out the possibility that axémesn retinal ganglion cells passing to the tectum
may take up the tracer and become labeled, daspiteerminating in the pretectum. Due to this we
are not able to make any conclusions about whétlegiour types of tectal projecting ganglion cells
also terminate in the pretectum and they are tbexafot considered further in this section of the
results. Despite this, as the pretectal injecti@isogradely labeled the bipolar ganglion cells and
OGCc cells (Fig. 8A-D), which were never labeletofeing tectal injections, we can conclude
that these two types of ganglion cell terminatéhim pretectum. The bipolar ganglion cells, as those
labeled after optic nerve injection, have small atan(53 = 11 um2) that were not statistically
different in size (P > 0.05). They were locatedwéth the optic nerve injections, in only a small
portion of the retina (400—-650 pum), just ventralttod optic nerve (Fig. 8E). The density of these
cells was not significantly different than that ebsed following optic nerve injections (548 + 91
cellsimm?2). To rule out the possibility that thes#ls were labeled by passage of the tracer through
gap junctions from another ganglion cell in thenat3 kD dextran was injected, which due to its
large size should not pass through gap junctiohe. Bipolar ganglion cells, along with all other
ganglion cell types, were still labeled after 3 &Bxtran was injected into the pretectum (Fig. 8A).
Two morphological types of OGCc were also obserfedldwing pretectal injections (cf. Fig. 3A—
C). These were the OGCc2, which have dendritesauh collaterals projecting to the outer
plexiform layer (Fig. 8B), and those that only setehdrites to the outer plexiform layer, OGCcl
(Fig. 8C). The biplexiform OGCc3, labeled after iopherve injections, were never observed
following pretectal injections. The size of the O&sbma (182 + 63 um2) labeled after pretectal
injections were not significantly different fromabe labeled after optic nerve injections (P > 0.05)
The distribution of OGCc observed after these tipes was similar to that observed following
optic nerve injections; there was a statisticalfgngicant increase in the cell density in the caht
retina (P < 0.01). The average cell density, howewas 55% lower than that observed after optic
nerve injections, with a peak density of 106 + é8stmm?2.
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4. 3 Discussion

Both the tectum and the pretectum are, as mentjanedlved in visually guided behaviors (see
Vanegas, 1984). Here we show that each of thesetstes receives input from a different subset of
the six distinct morphological types of retinal ghon cell identified (see Fig. 9). All areas okth
tectum receive input from four types of retinal gigon cell, those that have dendrites in the inner
plexiform layer. The areas of the tectum that ireleeasive behavior receive input from areas of
the retina with a low density of these four typebereas the areas of the tectum that can induce
both orienting and evasive behavior receive inpoinf areas of the retina with a high density of
these four types. The pretectum receives input ftemm ganglion cell types, OGCc and bipolar
ganglion cells, that have not been described ierotkertebrates. These cells send their dendrites to
the outer plexiform layer or the outer limiting mierane and therefore bypass the image-forming
architecture in the retina.

4.3.1 Retinal ganglion cells

The gross morphology of the agnathan retina igHermost part similar to that of the gnathostome
retina, with its three nuclear layers and gangtielis distributed throughout the ganglion cell and
inner nuclear layer. Despite this, it differs im@amber of ways, including the shifted position o t
optic fiber layer (Fritzsch and Collin, 1990). Therphology and distribution of the. marinus
ganglion cells is here shown to have both similad anique features when compared to the
gnathostome vertebrates. One immediate strikinigreifice is that in contrast to the gnathostome
vertebrates, where ~98% of ganglion cells are &xtat the ganglion cell layer, . marinusonly
~40% of the ganglion cells are located in this tapeth in the differentiated (present study) amel t
developing retina (Rubinson and Cain, 1989). Thifemnce is even more pronounced in another
lamprey speciedchthyomyzon unicuspighere the ganglion cell layer contains only a miiyoof
ganglion cells (26%; Fritzsch and Collin, 1990).

The peak density of ganglion cells in tRe marinusretina was 1,270 cells/mm2 (present study),
one of the lowest densities found in any verteb(&llin, 2008), suggesting that the density of
ganglion cells may have been underestimated. Hawese mentioned in the Results, multiple
injections did not increase the number of gangtielts labeled, suggesting that we labeled all tecta
projecting ganglion cells. In addition, another faey speciesl. unicuspis(Fritzsch and Collin,
1990), also has a comparatively low peak densjgQ@cells/ mmz2, indicating that a low density of
ganglion cells may be a common feature for lam@eycompared with gnathostome vertebrates
(see database, Collin, 2008).
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Figure6.

Photomicrographs of the four morphological typeseifnal ganglion cells labeled after tectal injexis, with their
distribution in the retina. A-D: Confocal images tbe retina (red = fluorescent Nissl stain) withetfour types of
retinal ganglion cells in green The arrows indicdke cells that are described. E-H: Schematic repneation of the
contralateral retinas showing how the cell densitié the four types of ganglion cell vary across tiétina. The highest
density of OGCa located in the horizontal midlithes distribution of OGCb is close to uniform witlslaght increase in
the cell density in the posterior retina, the highdensity of IGCa is in the posterior retina, thighest density of IGCb
is in the posterior retina. I: Schematic represdina of the ipsilateral retina showing how the OGEal density varies
across the retina. The green line indicates theimakarea of the retina where labeled retinal gaoglcells of all
types were found. J: Nissl-stained section of #téa, showing the inner nuclear, optic fiber, aimtier plexiform
layers with schematic representations of OGCa, OGGEa, and IGCh. Scale bars = 25 pm.
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A Dorsal (D) B Dorsal (D)

Posterior (P) . Anterior (A)

Ventral (V)

Anterior (A) Posterior (P)

Ventral (V)

Type IV: Forward swimming, no eye and neck
movements.

. Type lll: Downward shift of both eyes and
downward body bending

Type I: Orienting response, eye movements,
neck bending and locomotion

Dorsal (D)

w)

[l 599-500
[l 499 - 400

[ 399-300
[] 299- 200
[]199-100
Ventral (v [J99 -0

2
cells/mm

Anterior (A)

Posterior (P)

Qrienting and Evasive
Movements

Evasive movements

Figure 7. Color-coded schematic retinas for the (A) contratat and (B) ipsilateral eye. C: Photograph of thenprey
(P. marinus) brain showing the tectal locatioofsthe color-coded retinal input. The retinal poldsrsal (D), ventral
(V), anterior (A), and posterior (P) are marked lwithite letters on the optic tectum (OThis shows the macroscopic
arrangement of the retinal input with the posteretinal input terminating in the rostral tectuniet anterior retinal
input terminating in the caudal tectum, and the ventnadl alorsal retinal input terminating in the medialdalateral
optic tectum, respectively. In addition, this figwhows the tectal locations that when electricallynalated give rise
to Type I, lll, and IV motor behaviors. These statian data have been previoustgscribed by Saitoh et al. (2007)
and is here adapted to see the spatial overlap thighcolor coded retinotopic map. D: Schematicnatshowing how
the combined tectal projecting ganglion cell densityrépresented over the retinal surface. E: Photograh the P.
marinus tectum, showing how the combinethl ganglion cell density is represented on tketdl surface. The
stimulation locations from Saitoh et al. (2007) apatially overlapped with thiepresentation showing that the areas
that when stimulated induce type IV and type Ihaaor receive input from areas of the retina thave a low cell
density, whereas the area that when stimulateddestype | behavior receives input from the arethefretina which
has the highest cell density of all four types @timal ganglion cells. F—I: Photograph of the P. mnas tectum,
showing how the difference in retinal cell dens@yrepresented on the tectal surface. Brown repressareas that
receive input from areas of the retina with a highl density, while orange represent areas of #wum that receive
input from areas of the retina with a low cell dénsThe mediolateral midline is the area of thetten that receives
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input from the area of the retina with the highdsnsity of OGCa. OGCb is approximately uniformigtribhuted
throughout the retina with a slight increase in hasterior retina; this is represented on the téstaface. The rostral
tectum receives input from the area of the retinth wthe highest density of IGCa. The rostral tecttaveives input
from the area of the retina with the highest dgnsftiGCb. Scale bars =_ 1 mm.

Posterior ——————3 Anterior

E ------------------- E F

Ventral <—— Dorsal
Ventral <———— Dorsal

0GCc

ae BEEO
cells/ f?" )E’ %L. &
% %7 cells/mm?
400 um
Figure8.

Photomicrographs of ganglion cells, labeled afteetpctal injections, with their distribution in theetina. A-C:
Confocal images of the retina (green = fluoresddigs| stain) with the ganglion cells in red, bipolganglion cell (3
kDa dextran tracer; A), and the OGCc (B,C). Theoars point to the cells of interest and the asterisidicate the
axons. The double arrowhead indicates a fasciclepains. D: Nissl-stained section of the retina wstthematic
representation of a bipolar ganglion cell and OGE&c.Schematic representation of the retina showiirglocation of
the bipolar ganglion cells. Eleven consecutiveisest aligned to the optic nerve or where the afasticles converge,
showing the location of the bipolar ganglion cefisred and the optic nerve in yellow. F: Schemagigresentation of
the contralateral retina showing how the cell dénsif OGCc varies across the retina. Scale barQpm.

Inner ganglion cellsThe somata of IGCa and IGCb are located in onhetwo inner plexiform
sublayers; in addition, their dendrites and axdiatgrals are confined to their respective sublayer
The presence of two ganglion cell sublayers inlémeprey inner plexiform layer is interesting to

note, as there are also a number of sublaminaeilgtiathastome inner plexiform layer (Ramon y
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Cajal, 1972). Here ganglion cells, depending orctvlsiublamina their dendrites stratify in, respond
to light with either an ON or OFF-center responseaaonsequence of connections with different
populations of bipolar cells (Kuffler, 1953; Nelset al., 1978). This is similar to the lamprey,
where different types of bipolar cells have alserbshown to terminate at different depths in the
inner plexiform layer (Villar-Cheda et al., 200&urthermore, the processes of displaced amacrine
cells in the inner plexiform layer of the lamprdgastratify in these two sublayers, as is the case
with other vertebrates (Mariani, 1990; Pombal et 2003). The presence of displaced amacrine
cells in the inner plexiform layer could explain yive observed nonretrogradely labeled cells in
this layer, although we cannot rule out the posgibihat some of these cells may have been
unlabeled ganglion cells.

Outer ganglion cellsBiplexiform cells, first observed in the rhesusnkey (Mariani, 1982), have
been identified in a large number of vertebratesluding macaques (Wa" ssle et al., 2000), mice
(Doi et al.,, 1995), frogs (Toth and Straznicky, 2p8fish (Cook et al., 1996; Pushchin and
Kondrashev, 2003), and lamprey (de Miguel et &89 Fritzsch and Collin, 1990). This type of
ganglion cell has dendrites that project to bo#hitiner and outer plexiform layers, as is the case
with the OGCc3 cells. The somata of the biplexifareils are either located in the inner nuclear
layer or in the ganglion cell layer, depending ba species. Despite this, due to the presence of
biplexiform ganglion cells across the vertebratglpm, it is unlikely that this cell type has evotive
independently in each species but rather suggeatsbtplexiform ganglion cells may have been
present in a common vertebrate ancestor. The hbiptex cell dendrites in the outer plexiform layer
have been shown to directly contact photorecepitorprimates (Zrenner et al.,, 1983). In the
lamprey L. fluviatilis, direct contacts between ghon cells and photoreceptors have also been
observed in the outer plexiform layer (Rio et #098). These contacts were assumed to be between
photoreceptors and biplexiform ganglion cells,rasther species, but may also be formed between
the other morphological types of OGCc that we dbschere, which are not biplexiform. OGCc2
cells have an additional surprising feature in tii&ir axon collaterals enter the outer plexiform
layer, which to our knowledge has never been oleskirv other vertebrates studied.

The OGCb morphologically resembles the classidid oé Dogiel (1883), as they are located in the
same nuclear layer, have large bell-shaped sonthhawve two primary processes, one axon and
one primary dendrite, extending into the inner gex layer. These cells have been observed in a
number of vertebrates (see Ramon y Cajal, 1972lyding frogs (Singman and Scalia, 1990), and
have been shown to respond to moving stimuli (@rit983). These morphological similarities
suggest that the OGCb may be homologous to thet8lbgiel and potentially were present in the
common ancestor before the agnathan and gnathosenmebrates diverged.

Bipolar ganglion cellsOne population of ganglion cells, observed imB&rinus, resembled bipolar
cells. Morphologically similar ganglion cells halseen observed in the developing retina in other
vertebrate species including the lamprey, chick,aad cat retina (Nishimura, 1980; Maslim et al.,
1986; de Miguel et al., 1989; Villar-Cervino et,&006). Here we demonstrate for the first time
that bipolar ganglion cells are retained in an agaltebrate. As these cells resemble a specific
bipolar cell type that gives rise to the so-calleahdolt’s club, which is observed in a large number
of vertebrate species, including lamprey (Villaredha et al., 2006), lungfish (Locket, 1970), newt
(Hendrickson, 1966), chicken (Shen et al., 19568)mpanzee, and humans (Polyak, 1941), they
could be interpreted as bipolar cells that contaban axon to the optic nerve. However, in the
developing P. marinus, retina cells that resembéséa bipolar ganglion cells contain glutamate,
which is not true for the bipolar cells (Villar- €ta et al., 2006). These cells were interpreted as
ganglion cells that transiently maintain their @mtwith the outer limiting membrane. In light of
our results, one may conclude that these contaet@t transient but are retained in the adult
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animal. Interestingly, these cells also resemblke photoreceptor contacting neurons in other
nonimage-forming photoreceptor organs, such asetkest pineal organ (Ekstro "'m, 1987) and the
hagfish eye (Holmberg, 1970). The hagfish gangliocalls, which directly contact the
photoreceptors, also resemble the bipolar gangtiells described here in that they project
predominantly to the pretectum and do not innerdlagetectum (Kusunoki and Amemiya, 1983).
Tectal projecting retinal ganglion cells, retinogp@nd relation to behavior. Only four of the six
morphological types of retinal ganglion cell werbown to project to the ipsilateral and
contralateral tectum. These were the IGCa and lx(B@a and b, all of which have their dendrites
in the inner plexiform layer. This is different frothe majority of vertebrates studied, where all
identified types of retinal ganglion cell projectthe contralateral tectum/superior colliculust:(ca
Wassle and llling, 1980; hamster: Chalupa and Theamp1980; mouse: Rapaport and Wilson,
1983; Hofbauer and Drager, 1985). One should rfatejever, that in these studies the types of
retinal ganglion cell were determined purely on basis of soma size and not on morphological
characteristics. Indeed, in those cases that haaeniaed the central projections of different
morphological classes of ganglion cell (Kartenletl®77; Rodieck and Watanabe, 1993; Martinez-
Marcos et al., 2002; Ott et al., 2007) it was obseérthat only a subset of the morphological classes
project to the tectum. The cat is the only spetesur knowledge where the central projections of
the ganglion cells have been examined and all nodogical classes of ganglion cell shown to
project to the tectum (Leventhal et al.,1985). Tpmlateral projection is often less homogeneous
and in some of the above studies, where the asalyas based on soma size, it was observed that
the small ganglion cells did not project to theilgisral tectum (Rapaport and Wilson, 1983;
Hofbauer and Drager, 1985).

Two of the four types of ganglion cell that we alveeprojecting to the tectum are “displaced,” with
their soma located in the inner nuclear layer (Big.In the pigeon, displaced ganglion cells have
been shown to project selectively to the accessptic system (Karten et al., 1977; Fite et al.,
1981). This, however, is a vertebrate exceptioammsed to a rule, as the displaced ganglion cells
in the majority of vertebrates, as in the lamprgypject to other targets, including the
tectum/superior colliculus (Hayes and Holden, 1988miglietti, 1990; Martinez-Marcos et al.,
2002; Abdel-Majid et al., 2005).

The relative proportion of the total ganglion cqdtsjecting to the tectum varies substantially asro
the vertebrate phylum. Here we show that ~50%Idi/pes of ganglion cells project to the tectum.
This is similar to that in cat (40-50%; Wassle dlhdg, 1980) and in the hamster (50%; Chalupa
and Thompson, 1980). Only a few species have arlgnegportion of tectal projecting ganglion
cells, e.g., opossum (31%; Rapaport and Wilson31L@d monkey (10%; Perry and Cowey,
1984). If the proportion of ganglion cells that jei to a structure is an indication of its impoda

for processing visual information, then a largesgartion of visual processing occurs outside the
lamprey tectum than in species such as mice, wHé¥e of the ganglion cells project to the tectum
(Hofbauer and Drager, 1985). This figure is eveghér in rats (90%; Linden and Perry, 1983),
pigeons (85%; Hayes and Holden, 1980), and fro§%(&ingman and Scalia, 1990).

The proportion of each type of ganglion cell thedjgcts to the tectum is not uniform, rather 34%
of the 1GCa, 70% of the IGCb, 82% of the OGCa, 4886 of the OGCb project to the tectum.
Interestingly, those cells with a low proportiolsQa and OGCb) have dendrites in the vitread
sublayer of the inner plexiform layer (IPLi). It pnhe possible that these cells project to a differe
tectal lamina, as is the case with ganglion cellmice (Hofbauer and Drager, 1985). However, the
injections sites were analyzed and encompassetsalrecipient layers. Here we also showed that
the largest IGCa do not project to the tectum, anldw proportion of the largest cell type, the
OGChb, project to the tectum. In other vertebratcss it has been shown that the largest ganglion
cells project to the lateral geniculate nucleusp@ert and Wilson, 1983; Leventhal et al., 1985;
Lugo-Garcia and Kicliter, 1988). Thus, another axpition for the low proportion of IGCa and
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OGCb projecting to the tectum could be that thesge ganglion cells project to the lamprey
homolog of the lateral geniculate nucleus.

Retinotopy. The retinotectal projection is arranged retinotopic manner in the cyclostomes P.
marinus and L. fluviatilis. This retinotopic arrargent is shared with all other vertebrates studied,
including frogs (Gaze, 1958), fish (Jacobson ande(4964), birds (Frost et al., 1990), rats (Diao
et al., 1983), cats (Apter, 1945), and primatesoffeo et al., 1953; Humphrey, 1968), suggesting
that the retinotopic arrangement of the retinotectannection was established prior to the
separation of the jawed and jawless vertebrate® nilion years ago (Kumar and Hedges, 1998).
Despite the common feature of retinotopy betweérveitebrates, there are differences in the
arrangement of the map between species. The mashoa arrangement of the map is that the
dorsal retina projects to the lateral tectum, teeatral retina projects to the medial tectum, the
posterior retina to the rostral, and the anterietina to the caudal tectum. This “classical”
retinotopic arrangement is present in the lampndych suggests that any variations seen in other
vertebrates, such as in the iguana, where theotepic map is rotated 90° (Stein and Gaither,
1981), are due to later individual species adamtatiThe degree of ipsilateral input also varies
between species. There is an ipsilateral inpuhéosuperior colliculus in mammals but it is sparse
in rodents (Lund, 1965) and more extensive in p@sgHubel et al., 1975) and cats (Graybiel,
1975). In P. marinus, the lateral edge of the omstndal midline receives ipsilateral input. This
suggests that it may have a region of binoculapwishat is then represented in the optic tectum.
The possibility of binocular vision in P. marinissalso supported by the specific retinal input this
area receives. The middle part of the tectum reseinput from the contralateral and the ipsilateral
posterior retina, and the natural stimuli that vdogbactivate these regions would come from
objects directly in front of the animal, and so eréhe same visuotopic space.

Relation to behaviorThe efferent motor output of the lamprey tectusms been mapped by Saitoh
et al. (2007), who reported that the type of eyank, and locomotor movements observed
depended on the spatial location and intensityhefstimulation. The motor patterns observed were
grouped into four characteristic patterns of maiehavior. These were classed as: Type |, orienting
responses, where a combination of eye movementk, bending, and locomotion were observed;
Type Il, rhythmic eye and neck movements; Typedtdywnward shift of both eyes and downward
body bending; and Type IV, forward swimming with ege and neck movements. Using the data
on the organization of the retinal input, the retopic map (present study) and the motor map
(Saitoh et al., 2007) were spatially overlappedbserve whether there is a spatial correlation
between what behavior is induced by stimulatingpecsic region of the optic tectum, and what
specific retinal input these regions receive (FFiQ).

Stimulation of all areas of the optic tectum caduce evasive movements, which would take the
animal away from where the natural visual stimuuhd be perceived (Type I, II, IV movements

all take the animal away from where the naturahgh would be perceived). In contrast, orienting
movements are only observed when the rostrolatectim is stimulated (Type |, movements can
move the animal toward or away from where the rétstimuli would be perceived). This area of
the tectum receives input from the area of thenaetiith the highest density of retinal ganglion
cells. The density of retinal ganglion cells is aridhe factors that determine visual acuity (Land,
2002); in other species this has been shown teperitant for object discrimination (Harman et al.,
2001). If a visual stimulus were presented to a&a af the lamprey retina with a low visual acuity,
where it is not possible to discriminate betweeaypand predator, it would be an advantage to
evade this stimulus and avoid potentially orientioggard a predator. This is what is observed with
the stimulation of the lamprey tectum, areas tkative input from parts of the retina with a low
retinal acuity when stimulated give rise to purelyasive movements, whereas stimulation of the
rostrolateral tectum that receives input from theaaf the posterior retina, the area with the ésgh
density of retinal ganglion cells, gives rise tothbamrienting and evasive movements. The
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predominance of the tectum controlling orienting emasive behavior depends on the level of
predation the animal is subject to (Dean et al89)9In animals subject to intense predation, such
as the lamprey, stimulation of the tectum/ supes@liculus can induce both orienting and evasive
behavior (Sahibzada et al., 1986). However, stitrariaof the superior colliculus of animals not
subject to intense predation such as primates preddely induces orienting behavior (Robinson,
1972). Despite this, the superior colliculus insth@nimals has still been shown to play a role in
inducing evasive behavior (King and Cowey, 1992site the difference in density, we have also
shown that all areas of the tectum receive inpatnfrthe four morphological types of tectal
projecting ganglion cells independent of whethezytltan induce evasive or orienting behavior.
This suggests that different retinal ganglion cellghe lamprey do not encode different features
selective for prey as opposed to predators, dsisdse for other species such as frogs (Lettvin et
al., 1968).

4.3.2 Pretectal projecting retinal ganglion cells iad relation to behavior

The lamprey pretectum, as described in the intrboluchas been shown to be important for both
escape swimming in response to sudden visual standl the dorsal light response (Ulle” n et al.,
1993, 1997; Deliagina and Fagerstedt, 2000). Herslvow that the pretectal nucleus receives input
from two morphologically distinct types of retinghnglion cell, the bipolar ganglion cells and
OGCc, both having dendrites that stratify sclerathe inner nuclear layer and potentially directly
contact photoreceptors. In the lamprey, the twaegtal visual behaviors that have been described
can be elicited by global eye illumination, a stiosuthat has no motion component. The ganglion
cells that respond to global illumination would det® simply respond to the intensity of light.
Interestingly, the OGCc and bipolar ganglion celte in a unique position to fulfill this need, as
they both have dendrites vitread of the inner rarclayer and so could form the direct connections
between photoreceptors and ganglion cells, whiefobserved in lamprey (Rio et al., 1998). This is
similar to other vertebrates where the pretectumtrots the pupillary light reflex (Trejo and
Cicerone, 1984); here the pretectum, as in the leyypeceives input from a class of ganglion cell
that directly contacts rod photoreceptors; thesaglian cells express melanopsin and are
intrinsically photosensitive (Hattar et al., 200Rgspite this intrinsic photosensitivity, the pugmy
light reflex at least in part relies on the direcntacts between the rod photoreceptors and these
ganglion cells (Guler et al., 2008). While it woulé premature to suggest homologies between
these ganglion cells and those observed in therkeynf is clear that both in the lamprey and other
vertebrates the pretectum receives input from tbeimage-forming part of the retina, where
information from the photoreceptors is directly weped to ganglion cells and then
monosynaptically to the pretectum. The projectifmoen the nonimage-forming retina in other
species such as the melanopsin-expressing garggltsnin mice, project to other areas of the brain
including the suprachiasmatic nucleus and thedatebenula (Hattar et al., 2006). Future studies
will have to be performed to test if the projecedrom OGCc cells follow a similar pattern.

The ganglion cells that transmit the sensory sig¢imal will induce the dorsal light response need to
respond when the dark dorsal aspect of the bodg isnger facing the light source (Ulle” n et al.,
1997). By virtue of their morphology, projectiomsd distribution, located in a small portion of the
ventral-medial retina, the bipolar ganglion cekem well suited to fulfill this requirement. When
the dorsal aspect of the body is rotated towardidgih: source, light will hit the most ventral piom

of the retina. If the body rolls or the light soenmoves then the light will illuminate a larger on

of the ventral retina. It is at this point that thgolar ganglion cells could respond, thereby
communicating that the dorsal aspect of the boapiknger rotated toward the light. This is the
first time to our knowledge that a specific ganglicell type has been suggested to be involved in
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the dorsal light response, although a causal lifikemains to be established between this cglety
and the behavior. Whether other fish also havendasi specialization or whether they employ a
different mechanism to carry out the dorsal lighsponse will have to be investigated in future
studies.

4.4 Conclusion

In conclusion, we show here that there are at Isastdistinct morphological types of retinal
ganglion cells in P. marinus, four of which projeottectum in a retinotopic manner, with the
posterior retina being represented in the antg@aot of tectum. The density of ganglion cells ie th
posterior retina is the highest, representing theal field in front of the lamprey. The dendritefs

all four subtypes are distributed in the inner glaxn layer, which may, as in other vertebrates,
represent the retinal processing layer necessannfge formation.

In contrast, the remaining two types of ganglioisceroject to pretectum and their dendrites
ramify in the outer plexiform layer or at the oufeniting membrane (OGCcl-2 and bipolar
ganglion cells). These cells are therefore wellcgthto form the direct contacts between the
photoreceptors and ganglion cells, which are olesem lamprey (Rio et al., 1998), and may
constitute the output from the nonimage-formingt grthe retina. These retinal ganglion cells
would be well suited to carry information with nmmal delay from the eye to elicit both the visual
escape response and the dorsal light responseobethich are dependent on the pretectum and
but not on the tectum.
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5. Introduction: Tectoreticular pathway and its link to visuomotor
control (poster)

Symmetric activation of the brainstem descendinghway that drives the rhythmic pattern

generators in the spinal cord provides the basistie propulsive machinery responsible for
swimming, all of which is well understood in therprey. However, for the animal to turn, steering
commands must generate asymmetric activation ofndiean descendingcommands via the
reticulospinal cells. The optic tectum has an a&ctivle in this. Another important aspect for

studying visuo-moto coordination in lamprey is tfect that the lamprey retina provides a
retinotopic projection to the tectum and that station of the tectum gives rise to sitespeci _c
eye/head movements and _nally also locomotor mortsr{8aitoh et al., 2007; Jones et al., 2009).
However, for the optic tectum to generate a movenika removal of the tonic inhibition produced

by the basal ganglia is required. Our long-terml g®do decipher the tectal microcircuit and to

provide an understanding of its role during visut@naontrol during steering.

Aims
1. To determine the distribution of tectal e_erengd #ris from the motor (deep) layer of the
optic tectum projecting to the brainstem.
2. To explore their morphological features and phggjcal properties.

Figure 1. Schematic of the lamprey brajn
representing processes during visuomator
control.
Visual information arrives to the
super_cial layer of the optic tectum (QT)
at locations shown by the colour coded
retinal input. Black dots, squares and stars
show the motor responses that arise from
stimulation of these tectal sites. Tectal
output activates the reticulospinal (RS)
cells in the brainstem which then in turn
activate the central pattern generators that
causes the animal to turn towards and
away from stimuli in its environment.
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Methods

1. Neuronal tract tracing
Alexa Fluor 488, Dextran Biotin and Neurobiotin wenjected into the brainstem and the optic

tectum and visualised with Streptavidin-Cy2/Cy3 amdinterstained with a _uorescent Nissl
stain.

2. Electrophysiology
Tectal cells were investigated with whole-cell netings patch clamp recording in acute
tranverse brain slices at 8°C. Cells were preladelith dextran-rhodamine after injections into
theMRRN. Animals were then left for 24-48 hoursatp facilitate transport.

Neuroanatomy

Fgurs 1. fietr abaling of tectal colls projec o
sz MRAN | mmﬂmﬂ%mﬂcmugr:m;"iu:.
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Right. Transvarss shice from rostral techum. Whits amoes
indiain contralaten] projecting colls. Yollow Indiczte
Ipsilztanal projecting cells
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Conclusion

1. Ipsilateral projecting cells, responsible for avoidance, astriiuted equally across tectum.
Contralateral projecting cells, responsible for orienting respes) are located mostly
rostrally. Bilateral projecting cells are located caudally and maybpaesible for forward
locomotion.

2. Morphological analysis of tectal cells in deep Isyreveals that) their dendrites extend to
and through the super_cial layer, arl) main dendritic arbouration occurs in the
retinorecipient super_cial layer.

3. Whole-cell patch recordings show that these cellsbét a regular _ring pattern with post-
inhibitory rebound spikes.
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