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Abstract

Light-microscopic immunocytochemistry was utilized to localize the different populations of substance
P-immunoreactive (SP-IR) neurons in the hamster retina. Based on observation of 2505 SP-IR neurons in transverse
sections, 34% were amacrine cells whose pear-shaped or round cell bodigsnfy+@&re situated in the inner half

of the inner nuclear layer (INL) or in the inner plexiform layer (IPL), while 66% of SP-IR somata (g-R20were

located in the ganglion cell layer (GCL) which were interpreted to be displaced amacrine cells and retinal ganglion
cells (RGCs). At least three types of SP-IR amacrine cells were identified. The SP-IR processes were distributed in
strata 1, 3, and 5 with the densest plexus in stratum 5 of the inner plexiform layer. In the wholemounted retina, the
SP-IR cells were found to be distributed throughout the entire retina and their mean number was estimated to be
4224+ 76. Two experiments were performed to clarify whether any of the SP-IR neurons in the GCL were RGCs.
The first experiment demonstrated the presence of SP-IR RGCs by retrogradely labeling the RGCs and subsequently
staining the SP-IR cells in the retina using immunocytochemistry. The second experiment identified SP-IR central
projections of RGCs to the contralateral dorsal lateral geniculate nucleus. This projection disappeared following
removal of the contralateral eye. The number of SP-IR RGCs was estimated following optic nerve section. At

2 months after sectioning the optic nerve, the total number of SP-IR neurons in the GCL reduced frotn 2224

to a mean of 1192 139. Assuming that all SP-IR neurons in the GCL which disappeared after nerve section were
RGCs, the number of SP-IR RGCs was estimated to be 3032, representing 3—4% of the total RGCs. In summary,
findings of the present study provide evidence for the existence of SP-IR RGCs in the hamster retina.
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Introduction mals or their existence remains controversial. It is still unclear if
SP-IR RGCs exist in the rat retina (Caruso et al., 1990; Zhang &
OYeh, 1992). The present study was undertaken to determine whether

. . P-IR RGCs are present in another mammalian species, the ham-
ulators is, therefore, of fundamental importance to the understand- . .
. . . . . _ster, the RGCs of which have been extensively used for develop-
ing of visual function. Substance P (SP) (for review, see Maggio

1988) is one of the neurotransmitters used by subsets of amacri Tental and. regeneration StUdl_eS (So et al, 1986; Campbell &
] ) rost, 1988; Carter et al., 1989; So et al., 1992).
cells (Karten & Brecha, 1980; Eskay et al., 1981; Brecha et al., . . .
L i . In this study, we demonstrate SP-IR RGCs in the ganglion cells
1982, 1987; Li et al., 1986; Pourcho & Goebel, 1988; Cuenca & . }
) . . . yer (GCL) and at least three types of SP-IR amacrine cells in the
Kolb, 1989; Cuenca et al., 1995) and in certain species, a sma ;
number of ganglion cells (Kuljis & Karten, 1986; Brecha et al Inner nuclear layer (INL) and GCL of the hamster retina. SP-IR
gang ! ! ! "’ projections from RGCs have been found in the LGd, and SP-IR

1987; Ehrlich et al., 1987; Cuenca & Kolb, 1989; Vaney et al., . 0 A
1989; Caruso et al., 1990). Turtle and bird retinas contain SP-I hCe-SCF:szVéesre estimated to compose 3-4% of the total population of

RGCs with axons projecting centrally to the superficial layers of
the optic tectum (Ehrlich et al., 1987; Cuenca & Kolb, 1989). The
existence of SP-IR RGCs with their projections to the dorsal lateral
geniculate nucleus (LGd), superior colliculus (SC), and accessorpdult male hamstersNesocricetus auratysLaboratory Animal
optic nuclei in rabbit has also been shown (Brecha et al., 1987)Unit, University of Hong Kong) ranging from 1-1.5 months in age
However, SP-IR RGCs have not been studied in most other mamwere used. Hamsters were maintained in a temperature-controlled
environment on a 14-h lighi10-h dark cycle. All of the operations
were carried out following intraperitoneal injection of sodium pento-
Correspondence and reprint requests to: K.-F. So, Department of Ana{—)arbltal (60 mgkg body weight). The operated animals were kept

omy, Faculty of Medicine, The University of Hong Kong, 5, Sassoon Road,warm until they recovered from the anesthesia before they were
Hong Kong, China. E-mail: hrmaskf@hkucc.hku.hk returned to their cage. An overdose of sodium pentobarbital was

Retinal ganglion cells (RGCs) are the sole output of the retina t
the brain. Characterization of their neurotransmitters/andhod-

|\/Iethods
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used when the animals were sacrificed. Bupreorphine (0.4mg  anesthetic 12 h later. Retinas of both eyes were obtained and fixed

s/c) was administered if the animals were observed to be in paims described above.

during the survival period. The retinas were processed for HRP histochemistry as de-
scribed by Mesulam (1978) using tetramethyl benzidine (TMB) as
the chromogen. The TMB reaction product formed was stabilized

SP immunoreactivity in normal retinas by DAB-cobalt reaction: the retinas were rinsed in PBS for

_ i I i i ni 0,
Nine hamsters were anesthetized by intraperitoneal injection o? 5 min and then incubated in a solution containing 0.05% DAB,

sodium pentobarbital. Immunohistochemical detection of SP in0'30/0 cobalt chloride, and 0.005% hydrogen peroxideQ) for

cell bodies was enhanced by an intraocular injection gfl ®f 15 mi_n.Afterward the retinas were processed for SP immunocyto-
colchicine (Sigma, St. Louis, MO; 0.2 % in saline) made posteriorChem'Stry'
to the ora serrata (Rethely et al., 1991). Our pilot data showed that
onl_y a few SP-IR_ceIIs were observed in the nqn-colchicine treate%stimation of the number of SP-IR RGCs
retinas. The animals were deeply anesthetized 12—-48 h sub-
sequently with an overdose of anesthetic and then perfused transour hamsters underwent unilateral section of the optic nerve.
cardially with 50 ml 0.9% NaCl, followed with 50 ml of 4% Under anesthesia, the right optic nerves of the hamsters were cut
paraformaldehyde in 0.1 M phosphate buffer. The retinas of boti—2 mm behind the eyeball. Colchicine was injected intravitre-
eyes were removed and postfixed in the same fixative overnight gusly at the end of the survival period of 2 months. The retinal
4°C. The right retinas of the animals were used as wholemount¥holemounts of the right eyes were fixed and processed for SP
and they were put through a freeze-thaw procedure (Eldred et alimmunocytochemistry.
1983; Li et al., 1986). The left retinas were cut at /A using a
cryostat. L

Central projections of SP-IR RGCs
In this group, six hamsters underwent monocular enucleation and
two intact hamsters were used as controls. Under anesthesia, eyes

A rat monoclonal antibody against SP developed by Cuello et alof the animals were removed and the socket was filled with gel-
(1979) was used for immunocytochemical staining. This SP antibodjoam, then the eyelids were sewn up. The brains of the hamsters
was obtained commercially (Pel-freeze Biologicals, Rogers, AK).were examined at 2, 4, and 8 weeks after enucleation, two animals
The avidin-biotin procedure (Vector Laboratories, Burlingame, CA)for each time point. Transverse frozen sections of the brain were
was used for immunoperoxidase staining of brain sections, retingfut at 50um and were processed for SP immunocytochemistry.
wholemounts, and retinal sections using’8@i8minobenzidine tet-
rahydrochloride (DAB) as the chromogen. Triton X-100 (0.3%)
was included in the incubation steps and, unless stated otherwis
all steps were performed at room temperature. Cryosections of th€o examine the specificity of primary antibody, SP antibody was
brain and retina were incubated in 2% normal rabbit serum inincubated with 10 M synthetic SP before application to the
phosphate-buffered saline (PBS) for 1 h. The sections were thetissue and specific staining was abolished completely. Absence of
washed in PBS for 30 min and incubated in the primary antibodystaining was also noted when replacing the primary or the second-
(1:1000 in PBS) overnight af@. Following three 10-minrinses in  ary antibodies with normal rat serum afod PBS, respectively.
PBS, the sections were subsequently incubated in the biotinylated

secondary antibody (rabbit anti-rat, 1:200 in PBS) for 1.5 h. After

rinsing in three changes of PBS for 30 min, the sections werdata analysis

incubated in the avidin-biotin complex solution (1:100 in PBS) for 5 systematic, randomized sampling method was employed to ob-
1.5 h. Following washing in the PBS, the sections were incubategyin an estimate of the number and size of SP-IR cells in whole-
with 0.15% DAB in PBS for 10 m. BD, was added to the incu- o nt preparations of normal retinas and retinas 2 months following
bation medium to make a final concentration of 0.5%05, and  gx6tomy. A systematic non-overlapping series of fields (25—40)
after 5-10 min, as determined by the degree of tissue stain, thgere examined across the whole retina at a magnification 0k680
reaction was halted with several washes of PBS. The protocol foj, nbiased counting frame with a grid was superimposed on the
retinal wholemounts was as described above for cryosections €xgting through a camera lucida. The number of cells lying within
cept that incubation in the primary antibody was 5 days'@t@nd e counting frame were recorded. This resulted in an estimate of
5 h at room temperature for the secondary antibody. density, which was in turn combined with the total area of the
retina to obtain the total number of SP-IR cells in the retinas.
Concurrently, the size of each SP-IR cell was recorded by a point-
counting technique (Mayhew, 1991). Using the same counting
Five hamsters were used in this group. Under anesthesia, smdhame, the area of the soma was estimated by counting the number
openings in the skull were made bilaterally over the SC; corticalof squares that fell on the profile of the cells. The number of
tissues covering the SC were removed with an aspirator. Smablquares was then converted into area by multiplying the number of
pieces of gelfoam (Upjohn, Rochester, NY) soaked with 25%squares with the area of a single square.

horseradish peroxidase (HRP, Sigma Type VI) in saline were ap- One of the normal retinas and one of the retinas 2 months
plied to the surfaces of both SC, a primary visual center in hamstefollowing optic nerve section were used to illustrate the distribu-
receiving most of the projecting fibers from the RGCs (Linden & tion pattern of SP-IP cells in wholemounted retinas (Fig. 2). The
Perry, 1983). This procedure did not damage the retinocolliculaoutline of the retina was drawn using a projector and the SP-IR
projections or the SC. After 2—3 days, colchicine was injectedcells were plotted onto the appropriate locations of the outline of
intravitreously and the animals were sacrificed with an overdose ofhe retina with the aid of a camera lucida.

Immunocytochemistry

gontrols

Existence of SP-IR RGCs revealed by HRP retrograde labeling
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Results either one or more processes that ascended to ramify in the IPL.

) ) However, it was difficult to determine in which strata they ramified
The study of the SP-IR cells was carried out using transversgecayse it was not possible to trace their processes for extended
sections of the retinas and wholemount retinas. distances, although the process could sometimes be traced to the
outer portion of the IPL (Figs. 1B and 1C).

Three types of amacrine cells were identified. The somata of
the first type were found in the GCL, and they were displaced
SP-IR staining was present within neural processes that ramified inmacrine cells. The somata of the second type were located in the
distal, middle, and proximal portions of IPL. The distribution of INL. They were round or pear-shaped and were gh8in diam-
these processes corresponds to strata 1, 3, and 5 of the IPL ater. Most of these amacrine cells gave rise to a single stout process
described by Cajal (1892). The most prominent immunoreactivehat descended to stratum 3 of the IPL where it possibly arborized
plexus was observed in stratum 5 where SP-containing processés other strata (Fig. 1D). Occasionally, amacrine cells with multi-
formed a broad, continuous, and intensely stained band; immungale primary dendrites could also be observed (Fig. 1E). The third
reactive bands in strata 1 and 3 were less dense than in 5 and thggpe were tentatively designated as interstitial amacrine cells whose
were often discontinuous in sections (Fig. 1A). cell bodies and processes were located within the IPL (arrowhead

SP-IR somata were located within the INL, IPL, and GCL. in Fig. 1A).

Of the 2505 SP-IR cells examined in transverse sections, 34% of From the wholemount preparation, the SP-IR cells were found
the somata were located in the INL and IPL and 66% in the GCL to be distributed throughout the entire retina (Fig. 2A). The somata
Those in the INL and IPL were identified as amacrine cells, whereasf the SP-IR cells in the GCL were clearly stained but the pro-
those in the GCL were RGCs and displaced amacrine cells (seeesses could only be observed in some of the cells (Fig. 3A). The
Discussion). mean of the total number of SP-IR cells in retinal wholemounts

The SP-IR somata located in the GCL were 6420 in diam-  was estimated to be 4224 € 4, S.E.= 76). The diameter of these

eter and were oval or round in shape. These somata gave rise tells varied from 6-2Q:m (Fig. 4A).

Localization of SP immunoreactivity

Fig. 1. Transverse sections of retinas showing SP-IR neurons and processes. SP-IR processes originating from cell bodies in the inner
nuclear layer (INL) and the ganglion cell layer (GCL) form three distinct bands within strata 1, 3, and 5 (s1, s3, and s5) in the inner
plexiform layer (IPL). An arrowhead in (A) is pointing to a presumed amacrine cell located in the IPL. (B) and (C) show SP-IR cells

in the GCL. (D) and (E) show amacrine cells in the inner nuclear layer. Scale=b2@sum.



478 H.-B. Li, K.-F. So, and W. Cheuk

%

Fig. 3. (A) SP-IR neurons observed in the wholemount preparation of

normal retina. The proximal dendritic arborization can be observed in some

of the neurons. Scale bar 20 um. (B) HRP-labeled and SP-IR neurons

obtained by combining HRP retrograde tracing and SP immunocytochem-
— istry. Empty star denotes a SP-IR neuron; filled stars denote HRP-labeled

Fig. 2. Distribution maps showing the localization of SP-IR neurons in the retinal ganglion cells. Asterisk denotes a SP-IR retinal ganglion cell that

wholemount preparation of retinas. The cells were drawn with the aid of avas labeled with HRP. The arrowhead points to the axon of the double-

camera lucida. (A) normal retina; (B) retina from an animal with optic labeled cell. Scale bar 20 um.

nerve section two months before sacrifice. Note the distribution of SP-IR

cells throughout the entire retinas in both maps and also the dramatic

reduction of SP-IR neurons following optic nerve section shown in map

E]E;)S;aIS;qj:gng 2::3%?%:;“?]32? gs:gg;tl; ;:n:emporal quadrant; N: g 3B, asterisk). These double-labeled neurons represent the
' ’ ' ' population of RGCs which exhibited SP immunoreactivity. Most

of the double-labeled cells were among the largest and most of the

single-labeled SP-IR cells were among the smallest in the retina.

SP-IR RGCs identified by retrograde labeling
and SP immunocytochemistry Number of SP-IR RGCs and their central projections

Some of the SP-IR neurons in the GCL were found to be RGCs byA major loss of SP-IR neurons in the GCL and processes in the IPL
double labeling. RGCs were first labeled by HRP applied at thewas found 2 months following optic nerve section (Fig. 2B). SP-IR
SC. The HRP-labeled cells containing dark-blue reaction productsells, which remained in the retina, were found to reside primarily
were distributed throughout the retina and exhibited a wide rangén the INL. The mean number of SP-IR cells decreased from 4224
of sizes in the GCL suggesting that all three major morphologican = 4, S.E.= 76) in normal retinas to 119% (= 4, S.E.= 139)
classes of RGCs (Boycott & Wassle, 1974; Fukuda, 1977) hadn retinas 2 months after optic nerve section (Fig. 4). Cells of all
taken up HRP from the SC. Following SP immunocytochemicalsizes had reduced in number (Fig. 4B) compared to the normal
staining, three disparate populations of cells were found: one contFig. 4A) but cells with diameters ranging from 16—2@ disap-
tained only dark-blue HRP granules (Fig. 3B, filled star), onepeared completely after axotomy. Previous reports have suggested
contained only brown homogenous staining of SP (Fig. 3B, emptythat SP-IR amacrine cells are not affected by axotomy in terms of
stars); a considerable number of cells, however, possessed botlumber and size (Brecha et al., 1987; Ehrlich et al., 1987). Re-
dark-blue HRP granules and brown homogenous SP staininduction of SP-IR cells following axotomy in the present study,
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Fig. 4. Two histograms showing profile of sizes of SP-IR neurons in nor-

Soma size (diameter pum)
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SP-stained sections through the LGd, SC, and accessory optic
7000 A Normal nuclei were examined in the present study. We were able to dem-
6000 n=4 onstrate the presence of a prominent plexus of SP-stained axons
and varicosities which formed a narrow band just below the optic
5000 tract in the LGd (Fig. 5A). Some SP-IR axons could be traced into
4000 the LGd from axons in the optic tract. A similar but not as obvious
3000 SP-IR plexus was present in the upper part of the stratum griseum
2000 superficiale of the SC and in the accessory optic nuclei in the
pretectum. In all hamsters with eye enucleation, disappearance of
1000 SP immunoreactivity was noted in fibers of the LGd contralateral
= 0 to the enucleated eye. Fig. 5B shows a complete elimination of
& ¢ 8 10 12 14 16 18 2 SP-stained fibers in the LGd 4 weeks after eye removal.
S
C
é: Discussion
g 7000 B Axotomy .
4 5000 n=4 We have observed three types of SP-IR amacrine cells and dem-
onstrated the existence of SP-IR RGCs in the hamster retina in the
5000 present study. Our findings are in general agreement with the re-
4000 sults reported in earlier studies which have examined the localiza-
3000 tion of SP-IR neurons in other mammalian retina (Brecha et al.,
1982, 1987; Pourcho & Goebel, 1988; Li & Lam. 1990; Caruso
2000 et al., 1990; Cuenca et al., 1995).
1000
0% s 10 12 1 % s 20 Comparison with previous studies
SP-IR RGCs have been found in other mammalian retinas (rabbit:

Brecha et al., 1987; cat: Vaney et al., 1989). The present study,
based on the localization of SP-IR cells, depletion of SP neurons in
the GCL after optic nerve section, detection of SP-IR in retro-

mal retinas (A) and retinas from animals with optic nerve section 2 monthsIgradely labeled RGCs, and the presence of SP-IR central retinal

before sacrifice (B). The height of rectangles represents the number of cel

estimated by the stereological method.

projections, provide evidence for the existence of SP-IR RGCs in
the hamster retina. A similar observation was made in the rat
retina, where 3% of ganglion cells were found to be SP-IR neurons
(Caruso et al., 1990).

therefore, appeared to be due to the disappearance of SP-IR RGCs. The distribution of SP-IR processes in the hamster retina is
Therefore, the number of SP-IR RGCs would be equal to thesimilar to that observed in the rabbit (Brecha et al., 1987), rat
number of SP-IR cells that had disappeared at 2 months followingCaruso et al., 1990), cat (Pourcho et al., 1988), monkey (Brecha
axotomy, which was 3032. et al., 1982), and human (Li & Lam, 1990; Cuenca et al., 1995)

Fig. 5. Photographs showing two sections of the dor-
sal lateral geniculate nucleus (LGd) from an animal
with monocular enucleation 4 weeks before sacrifice.
(A) shows the LGd ipsilateral to the enucleated eye.
Note the intensely stained SP-IR fibers in the outer
laminae of the nucleus (arrowheads). Similar fibers
are absent in the corresponding laminae of the LGd
contralateral to the enucleated eye (B). Scale bar
20 pm.
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retinas in that the SP-IR processes were localized mainly in strateells that remained were most likely to be amacrine cells in the
1, 3, and 5. Moreover, the existence of multiple populations ofINL and displaced amacrine cells in the GCL (Linden et al., 1987).
SP-IR amacrine cells in the hamster is similar to that observed itHowever, we cannot rule out the possibility that some specific
the rabbit and monkey. In the rabbit retina at least two types oSubpopulations of amacrine cells might die following axotomy
SP-IR amacrine cells have been found: one unistratified type witlbut were not detected by our method. Thus, there were about
processes ramifying in stratum 5 of the IPL and one multistratified3000 SP-IR RGCs in the normal retina representing 3—4% of the
type with processes ramifying in strata 1, 3, 5, and possibly with72,000—81,000 RGCs in hamsters (Linden et al., 1987; Lau et al.,
some processes going to the outer plexiform layer (Brecha et al1991). This percentage is appreciably lower than that reported in
1987). In the monkey, both interstitial and displaced amacrine cellshe rabbit retina in which SP-IR RGCs constituted 25-35% of
with processes ramifying in strata 1, 3, and 5 have been describatie total RGCs (Brecha et al., 1987). However, the present re-
(Brecha et al., 1982). However, the multiple populations of SP-IRsult is quite consistent with the percentage of SP-IR RGCs re-
amacrine cells observed in the present study is not seen in specipsrted in the chicken retina (3%) (Ehrlich et al., 1987), turtle
like goldfish, lizard, pigeon (Brecha et al., 1984), and anuran (Hisetina (0.4%) (Cuenca & Kolb, 1989), and rat retina (3%) (Caruso
cock & Straznicky, 1989) for they have unistratified SP-IR ama-et al., 1990).
crine cells only. Bistratified SP-IR amacrine cells have been described A small number of SP-IR RGCs might persist for 2 months after
earlier in some species (Brecha et al., 1984; Pourcho et al., 1988pptic nerve section. It has been reported that a small number of RGCs
The significance of these differences in stratification for dif- in the cat may survive up to 15 months after optic nerve section (Hol-
ferent types of SP-IR amacrine cells still remains obscure until théander et al., 1984). These RGCs contribute only a minute number
functional role of SP is better understood. However, some hints orto the total number of RGCs, and whether this population of RGCs
the laminar distribution of SP have been derived from the electrois SP positive remains a matter of speculation. Hence, even if this
physiological studies which showed that SP has influences on bothopulation exists in hamsters, the estimation of the proportion of
ON and OFF central pathways in the retina (Dick & Miller, 1981; SP-IR RGC would not be affected to a significant extent.
Glickman et al., 1982).

SP-IR central projection
Evidence for SP-IR RGCs

. . . . The SP-IR central projection observed in this study is similar to
In this study, depletion of SP neurons in the GCL following axot- pro) y

that observed in the rabbit retina (Brecha et al., 1987). In both
7 . ) _Ranimals, SP-IR RGCs possess SP-IR projecting fibers to the con-
projection suggest the existence of SP-IRRGCs in the hams_ter rEtInﬁ'alateral LGd. Previous studies have shown that SP-IR RGCs in
A substantial loss of SP-IR cells was observed following X" the retinas of the turtle and chicken with projections terminating in
otomy. At 2 months after axot.omy, the total number of SI.:’-.IR ceIIs,[he tectum (Cuenca & Kolb, 1989; Ehrlich et al., 1987). In frogs
decreased by 72%. The profile of diameter of the remaining cell hich possess SP-IR RGCs, SP-positive fibers were observed in

also changed dramatlcally_from that of the n_ormal (Fig. 4). It 'Sthe optic tectum which were reduced or eliminated after contra-
apparent that cells of all sizes had reduced in number. Howeveifateral eye enucleation (Kuljis & Karten, 1983)

C(.e”S with soma diameter from_lG—Zﬂ ' .Wh'Ch are mostly RGCs, In conclusion, the present study, along with other recent reports
disappeared completely. Previous studies have suggeste_d that m?@recha et al., 1987: Ehrlich et al., 1987: Cuenca & Kolb, 1989:

than 90% of RGCs would degenerate. by 1 moqth followmg aXOt'Caruso et al., 1990), provides evidence for the existence of SP-IR
omy (Bray et al,, 1992) and expression of SP in RGCs V'rtua”yRGCs in many species of vertebrate retinas. Thus, SP might be

disappears completely beyond 2 weeks after axotomy (BrECh%xploited in the future as a cellular marker for a specific population

et_ al., 1987; Ehrlich et al., 1987). Taken all these into consnder-Of RGCs, and its expression can reflect the activity of peptide
ation, the results from the axotomy study tend to suggest thaﬁ

; ynthesis in different biological statuses, such as in the course of
SPAIR RG(.:S were present among the SP-IR neurons in the GC, egeneration following axotomy (Aguayo et al., 1991), regenera-
and they disappeared following axotomy.

) " . . tion into a peripheral graft (So & Aguayo, 1985; Vidal-Sanz et al.,
A direct and definitive evidence for the existence of SP-IR 1987: Watgnage et a? 19(93, So?& Y)i/p 1998), synapse reestab-
RGCs was obtained from the results of the RGC double labeling;. , ' N i y ’ :
lish f | I, 1 Th
It was found that SP-IR cells in the GCL could be labeled retro- ishment, and functional reconnection (Carter et al., 1989; Thanos,

. 3 o 1992; Sawai et al., 1996; Sasaki et al., 1996).
gradely by HRP applied to the SC, a major central projecting area

of the RGC. Therefore, RGCs must be present among the SP-IR

cells. This is supported by our other finding; that SP fibe!'s in theacknowledgments

LGd disappeared completely after transection of the optic nerve.

Since RGC is the sole output of the retina to the brain and most ofVe would like to thank Dr. H.K. Yip and the reviewers for their comments
the retinocollicular projections send collaterals to the LGd (Sefton?" the manuscript. This study was supported by research grants from the

. . . . niversity of Hong Kong (K.-F.S.) and the National Natural Science Foun-
1968), this result provides further evidence for the existence Otlijation of China (H.-B.L.). H.-B. Li was awarded a Sino-British Trust

SP-IR RGCs. Visitorship from the University of Hong Kong.

Number of SP-IR RGCs
References

The reduction of SP-IR cells following transection of the optic
nerve has been used to estimate the number of SP-IR RGCs 'r?ﬁG‘IJ\ZY% Al VgszABS‘PEREZMM(fégl\l’I)CIéERR{*CHIER’ va\‘lftlr[]’AL'iANZ’

. . : ., CARTER, D. rRAY, G.M. . Survival, regrowth, and recon-
the rabbit retina (Brecha et al., 1987). In thls, study, the mean nection of injured retinal ganglion cells. @rowth Factors and Alz-
number of SP-IR cells decreased from 42246 in normal ani- heimer’s Diseaseed. HEFTI F,, BRACHET, B., WILL, B. & CHRISTEN,

mals to 1192+ 139 in animals 2 months following axotomy. Those Y., pp. 15-28. Berlin: Springer-Verlag.



Substance P neurons in hamster 481

BoycotT, B.B. & WassLE, H. (1974). The morphological types of gan- ment in the frodRana pipiensProceedings of the National Academy of
glion cells of the domestic cat's retindpurnal of Physiology240, Sciences of the U.S.83, 5736-5740.

397-419. Lau, K.C., So, K.-E. & CHo, E.Y.P. (1991). Morphological changes of
BraY, G.M., VILLEGAS-PEREZ, M.P., VIDAL-SANZ, M. & AGuayo, AJ. retinal ganglion cells regenerating axons along peripheral nerve grafts:
(1992). Death and survival of axotomized retinal ganglion cells. In A Lucifer Yellow and silver staining studfRestorology Neurology and

Regeneration and Plasticity in the Mammalian Visual Sysesiiam, Neurosciences, 235-246.

D.M.K. & Bray, G.M., pp. 29—44. Cambridge: MIT Press. L1, H.-B., CHEN, N.X., WarT, C.B. & Lam, D.M.K. (1986). The light
BRECHA, N., HENDRICKSON, A., FLOREN, I. & KARTEN, H.J. (1982). microscopic localization of substance P and somatostatin-like immu-
Localization of substance P—like immunoreactivity within the monkey ~ noreactive cells in the larval tiger salamander retiEaperimental

retina. Investigative Ophthalmology and Visual Sciel23 147-153. Brain Researcl63, 93-101.

BRrECHA, N.C., ELDRED, W., KuLyis, R.O. & KARTEN, H.J. (1984). Iden- L1, H-B. & Lam, D.M.K. (1990). Localization of neuropeptide-immuno-
tification and localization of biological active peptides in the vertebrate ~ reactive neurons in the human retifgrain Researct522 30-36.

retina. InProgress in Retinal Researchd. OsBORNE, N. & CHADER, LinDEN, R., EDUARDO, C. & EsBERARD, L. (1987). Displaced amacrine

G., pp. 220-226. Oxford: Pergamon. cells in the ganglion cell layer of the hamster retiki@sion Research
BRECHA, N., JoHNSON, D., BoLz, J, SHARMA, S., PARNAVELAS, JG. & 20, 1071-1076. ) ) o

LIEBERMAN, A.R. (1987). Substance P immunoreactive retinal ganglion LINDEN, R. & PErry, V.H. (1983). Massive retinotectal projection in rats.

cells and their central axon terminals in the rabbiature 327, 155— Brain Researct?72 145-149. o _

158. Magcalo, JE. (1988). Tachykinins Annual Review in Neurosciende,
CaJAL, R.C. (1892).The Structure of the Retin&.A. Thorpe & M. Glick- 13-28.

stein (translators). Springfield, lllinois: Charles C. Thomas, 1972. ~ Maynew, TM. (1991). The new stereological methods for interpreting
CamPBELL, G. & Frost, D.O. (1988). Synaptic organization of anomalous  functional morphology from slices of cells and orgaBsperimental

retinal projections to the somatosensory and auditory thalamus: Target- Physiology76, 639-665. . ) )

controlled morphogenesis of axon terminals and synaptic glomeruliMESULAM, M.M. (1978). Principles of horseradish peroxidase neurohisto-

Journal Comparative Neurologg72, 383—408. chemistry and their applications for tracing neural pathways—axonal
CARTER, D.A., Bray, G.M. & AGUAYO, A (1989). Regenerated retinal transport, enzyme histochemistry and light microscope analysis. In
ganglion cell axons can form well-differentiated retinal ganglion cell ~ 1racing Neural Connections with Horseradish Peroxidase. Mesu-
axons in the superior colliculus of adult hamstelsyrnal of Neuro- LAM, M-M,, pp. 1-152. Chichester: Wiley. o _
science9, 4042—4050. PourcHo, R.G. & GoEBEL, D.J. (1988). Substance P-like immunoreactive
CaRrUso, D.M., OwEGARzU, M.T. & Porrcho, G.R. (1990). Colocaliza- amacrine cells in the cat retindournal of Comparative Neurolog75,

542-552.

RETHELYI, M., MOHAPATRA, N.K., METZ, C.B., PETRUSZ, P. & LUND, P.K.
(1991). Colchicine enhances mRNAs encoding the precursor of calci-
tonin gene—related peptide in brainstem motoneurdleiroscience
42, 531-539.

Sasaki, H., COFFEY, P., VILLEGAS-PEREZ, M.P., VIDAL-SANZ, M., YOUNG,

M.J, Lunp, R.S. & Fukuba, Y. (1996). Light induced EEG desyn-
chronization and behavioral arousal in rats with restored retinocollic-
ular projection by peripheral nerve graffleuroscience Letterg18,
45-48.

Sawal, H., Sucioka, M., MoriGIwa, K., Sasakl, H., So, K.-F. & Fukubpa,

Y. (1996). Functional and morphological restoration of intracranial bra-
chial lesion of the retinocollicular pathway by peripheral nerve auto-
grafts in adult hamster&xperimental Neurolog37, 94—-104.

FEFTON, AJ. (1968). The innervation of the lateral geniculate nucleus and

anterior colliculus in the ratVision Researcl8, 867—-881.

tion of substance P and GABA in retinal ganglion cells: A computer-
assisted visualizatiorVisual Neurosciencg, 389-394.

CUELLO, A.C., GALFRE, G. & MILSTEIN, C. (1979). Detection of substance
P in the central nervous system by monoclonal antib&dgceedings
of the National Academy of Sciences of the U.36)\3532-3536.

CUENCA, N. & KoL, H. (1989). Morphology and distribution of neurons
immunoreactive for substance P in the turtle retifayrnal of Com-
parative Neurology290, 391-411.

CUENCA, N., DE-JuAN, J. & KoL, H. (1995). Substance P-immunoreactive
neurons in the human retindournal of Comparative Neurolog356,
491-504.

Dick, E. & MILLER, R.F. (1981). Peptides influences retinal ganglion cells.
Neuroscience Letterg6, 131-135.

EHRLICH, D., KEYSER, K.T. & KaARTEN, H.J. (1987). Distribution of sub-
stance P-like immunoreactive retinal ganglion cells and their pattern o

termination in the optic tectum of chickG@llus gallug. Journal of So, K.-F. & AGuavo, AJ. (1985). Lengthy regrowth of cut axons from

Comparative Neurolog266, 220-233. ) o ganglion cells after peripheral nerve transplantation into the retina of
ELDRED, W.D., ZUCKER, C. & YAZULLA, S. (1983). Comparison of fixation adult rat.Brain Researct238, 349-354.

and penetration enhancement techniques for use in ultrastructural irrso, K.-F, X140, YM. & Diao, Y.C. (1986). Effects on the growth of
munocytochemistryJournal of Histochemistry and Cytochemis8g, damaged ganglion cell axons after peripheral nerve transplantation in
285-292 L adult hamstersBrain Researct877, 168-172.

Eskay, RL., FURNEss, JF. & LoNG, R.T. (1981). Substance P activity in - g, K -F. Cho, E.Y.P. & Lau, K.C. (1992). Morphological plasticity of
thg bullfrog retina: Localization and identification in several species.  (atinal ganglion cells following peripheral nerve transplantation. In
Science212, 1049-1051. o ) ) Regeneration and Plasticity in the Mammalian Visual Systshiam,

Fukupa, Y. (1977). A three-group classification of rat retinal ganglion D.M.K. & Bray, G.M., pp. 109—125. Cambridge: MIT Press.
cells: Histological and physiological studidrain Researctil19, 327— So, K.-F. & Yip, HK. (1998). Regenerative capacity of retinal ganglion
344. , cells in mammalsVision Researcl88, 1525-1535.

GLICKMAN, R.D.. ADOLPH, A.R. & DOWLING, LE. (1982). Inner plexiform  ysnos, S. (1992). Adult retinofugal axons regenerating through periph-
circuits in the carp retina: Effects of cholinergic antagonists, GABA,  eral nerve grafts can restore the light-induced pupilloconstriction re-
and substance P on the ganglion cdiigain Researcl234, 81-99. flex. European Journal of Neurosciende 691—699.

Hiscock, J. & Straznicky, C. (1989). Morphological characterization of  vangy, D.I., WHITINGTON, G.E. & Young, H.M. (1989). The morphology
substance P-like immunoreactive amacrine cells in the anuran retina, and topographic distribution of substance-P-like immunoreactive am-
Vision Researct29, 293-301. acrine cells in the cat retin®roceedings of the Royal Society(IBon-

HoLLANDER, H., Bisti, S., MaFFEIL, L. & HEBEL, R. (1984). Electro- don) 237, 471-488.
retinographic responses and retrograde changes of retinal morphologyipar-Sanz, M., Bray, G.M., VILLEGAS-PEREZ, M.P., THANOS, S. &
after intracranial optic nerve section. A quantitative analysis in the cat. ~ Acuavo, A.J. (1987). Axonal regeneration and synapse formation in

Experimental Brain Researcsb, 483-493. the superior colliculus by retinal ganglion cells in the adult Jatrnal
KARTEN, H.J. & BrREcHA, N. (1980). Localization of substance P immu- of Neurosciencd, 2894-2909.

noreactivity in amacrine cells of the retindature 283, 87-88. WATANABE, M., SAwal, H. & FUKUDA, Y. (1993). Number, distribution
KuLis, R.O. & KARTEN, H.J. (1983). Modification in the laminar organi- and morphology of retinal ganglion cells with axons regenerated into

zation of peptide-like immunoreactivity in the anuran optic tectum peripheral nerve graft in adult cat®ournal of Neuroscienc&3, 2105—

following retinal deafferentationJournal of Comparative Neurology 2117.

217, 239-251. 7ZHANG, D. & YEH, H.H. (1992). Substance-P-like immunoreactive ama-

Kurits, R.O. & KARTEN, H.J. (1986). Substance P—containing ganglion crine cells in the adult and developing rat retibevelopmental Brain
cells become progressively less detectable during retinotectal develop- Research68, 55-65.



