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Protein kinase C is a calcium- and phospholipid-stimulated en- 
zyme present in high concentration in the brain. Phorbol esters 
are potent tumor promoters that bind to specific receptors with 
high affinity. Several lines of evidence indicate that the phorbol 
ester receptor is identical to protein kinase C. To determine the 
distribution of protein kinase C, we have localized phorbol ester 
receptors in the rat brain by autoradiography, using [3H]phorbol 
12,13-dibutyrate (PH]PDBu) and have performed a variety of 
lesions to assess the nature of the cellular elements possessing 
the binding sites. The PH]PDBu binding sites in the rat brain 
are discretely localized and primarily associated with neurons. 
Evidence is presented for localization to intrinsic neurons of the 
cortex and hippocampus, terminals of the striatonigral projec- 
tion, a projection to the molecular layer of the dentate gyrus, 
and to dendrites of Purkinje cells. 

Protein kinase C is a calcium- and phospholipid-stimulated, 
phosphorylating enzyme present in high concentrations in the 
brain (Blumberg et al., 1984; Inoue et al., 1977; Kuo et al., 1980; 
Takai et al., 1977). Its activity appears to be linked closely to 
the phosphoinositide (PI) cycle, since diacylglycerol, which is 
generated by the PI cycle, may be an endogenous activator of 
protein kinase C (Nishizuka, 1984). Phorbol esters are potent 
tumor promoters that bind to specific receptor sites with high 
affinity (Driedger and Blumberg, 1980; Shoyab and Todaro, 
1980). Several lines of evidence indicate that the phorbol ester 
receptor is identical to protein kinase C (Castagna et al., 1982; 
Kikkawa et al., 1983; Niedel et al., 1983). Accordingly, one can 
assess the distribution of protein kinase C by monitoring the 
binding of the potent phorbol ester receptor ligand [‘Hlphorbol 
12,13-dibutyrate ([‘H]PDBu). In whole-body autoradiographic 
studies, we observed the highest density of phorbol ester recep- 
tor binding in the central nervous system of young rats (Murphy 
et al., 1983). In a preliminary autoradiographic study, Nagle 
and Blumberg (1983) observed regional variations of phorbol 
ester receptor binding sites in mouse brain. In the present study, 
we have characterized in detail the localization of phorbol ester 
receptor binding sites in rat brain and have performed a variety 
of lesions to assess the nature of the cellular elements possessing 
the bindmg sites. 
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Materials and Methods 

[JH]PDBu autoradiography of phorbol ester binding sites 
[3H]PDBu autoradiography was carried out as described by Murphy et 
al. (1983) with minor variations. Male Sprague-Dawley rats (200-250 
gm) (Hilltop, Scottdale, PA) were anesthetized with pentobarbital and 
perfused via the left cardiac ventricle with 50 mM sodium phosphate, 
pH 7.5/100 mM NaCl, followed by 50 mM sodium phosphate, pH 7.5/ 
0.3 M sucrose. Brains were removed and frozen in brain paste on mi- 
crotome chucks. Cryostat sections (8 pm) were thaw-mounted on gel- 
atin-coated slides and stored at -20°C until use (within 2 months). 
Labeling of tissue with [‘H]PDBu was performed by incubation of the 
brain sections for 60 min at 33°C in a solution of 50 mM Tris-HC1. DH 
7.7/100 mM NaCl, 1 mM CaCl, and 2.5 nM [‘H]PDBu (New E&and 
Nuclear, Boston, MA, 13.1 Ci/mmol). Preliminary experiments verified 
that specific [>H]PDBu binding reaches a plateau under these incubation 
conditions. Nonspecific labeling was assessed by adding 1 PM PDBu to 
the incubation solution. Following incubation, sections were washed 
twice in ice cold buffer for 2 min, briefly rinsed in ice cold distilled 
water, and immediately dried under a stream of cold air. Autoradio- 
grams were generated by exposing LRB ultrofilm to the slides at 4°C 
for 7 d, at which time the film was developed. The autoradiogram was 
analyzed using a computerized microdensitometer (Loats Associates, 
Westminister, MD) and optical densites were converted to equivalent 
disintegrations/min (DPM) per mg of methacrylate (autoradiographic 
[‘HI microscales, Amersham, Chicago, IL), as described by Unnerstall 
et al. (1982). Anatomic structures were verified by examination of to- 
luidine blue-stained sections using the rat brain atlas of Paxinos and 
Watson (1982). Regional binding of [‘H]PDBu was assessed in at least 
three animals and is reported in Table 1 on an integer scale from 0 to 5. 

Quantitative autoradiography using tritiated ligands is subject to non- 
uniform quenching of the beta emission by gray- and white-matter 
regions. Rainbow et al.‘s (1984) quantitative study demonstrated a 30% 
reduction of apparent [‘HI ligand binding in pure white-matter regions. 
This potential source of error must be considered in quantitative au- 
toradiographic studies. However, the range of specific [‘H]PDBu binding 
in the brain is greater than 150-fold (Table 1) and a 30% increase in 
white-matter regions would not change the reported scaled values. 

To determine the drua snecificitv of PHlPDBu binding sites in au- 
toradiographic experiments, phorbol analogs (L.C. Set&es Corpora- 
tion, Wobum, MA) were added to the incubation solution. Analogs 
known to be pharmacologically active, 12-deoxyphorbol 13-isobutryate 
(DPB) and phorbol 12-myristate 13-acetate (PMA) were added at 1 PM 

concentration, whereas presumably inactive analogs, 4cy-phorbol 12,13- 
didecanoate (4a-PDD) and phorbol, were added at 10 PM (Driedger and 
Blumberg, 1980; Shoyab and Todaro, 1980). The effect of these agents 
on [‘H]PDBu binding was assessed from autoradiograms using micro- 
densitometty. 

[3H]PDBu binding to homogenates 
Homogenates were prepared from fresh rat cerebral cortex by homog- 
enization in 20 vol of ice cold 50 mM Tris-HCl, pH 7.7/100 mM NaCl/l 
mM CaCl,, with a Brinkmann polytron. Homogenates were centrifuged 
at 48,000 x g for 15 min. The supematants were discarded and the 
pellets resuspended in the homogenization buffer. Binding assay tubes 
contained tissue (1 mg, wet weight) and [‘H]PDBu (2.5 nM) in a final 
volume of 1 ml with 50 mM Tris-HCl, pH 7.7/100 mM NaCl/l mM 
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Table 1. Relative densities of 13H]PDBu labeling 

Relative Relative Relative 
Region density Region density Region density 

Olfactory bulb 

Olfactory nerve 
External plexiform layer 
Internal granular layer 
Glomerular layer 
Mitral cell layer 

Anterior olfactory nucleus 
Olfactory tubercle 

Amygdala 

Lateral nucleus 
Basolateral nucleus 
Basomedial nucleus 
Anterior area 
Central nucleus 
Medial nucleus 

Basal ganglia 

Caudate-putamen 
Globus pallidus 
Accumbens nucleus 
Claustrum 

Septal area 

Lateral septal nucleus 
Medial septal nucleus 
Diagonal band 
Ventral pallidum 
Septo-fimbrial nucleus 
Bed nucleus stria terminalis 
Septo hippocampal nucleus 

Hippocampal formation 

Hippocampus 
stratum oriens CA 1 
stratum oriens CA3 
stratum radiatum CA 1 
stratum radiatum CA3 

Dentate gyrus 

Granular cell layer 
Molecular layer 
Hilus 
Subiculum 

Habenula 

Medial nucleus 
Lateral nucleus 

Pineal 

Thalamus 

Ventroposterior nucleus, 
lateral and medial 

Mediodorsal nucleus 
Laterodorsal nucleus 
Posterior nuclear group 
Paratenial nucleus 

1 
4 
3 

2 

1 

4 
5 

4 

4 

3 

3 

3 

3 

4 

2 

4 

3 

4 

1 
1 
2 

3 

3 

5 

5 

4 

5 

4 

2 

4 

4 

4 

3 

1 

3 

3 

3 

3 

3 

3 

Reuniens nucleus 
Ventral lateral geniculate 

nucleus 
Dorsal lateral geniculate 

nucleus 
Medial geniculate nucleus 
Anterior pretectal area 
Posterior pretectal nucleus 
Reticular thalamic nucleus 
Rhomboid nucleus 
Gelatinosus nucleus 
Paraventricular nucleus 
Parafascicular nucleus 
Ventrolateral nucleus 
Anterodorsal nucleus 
Anteroventral nucleus 
Anteromedial 
External medullary lamina 
Internal medullary lamina 
Zona incerta 
Stria medullaris 

Hypothalamus 

Anterior hypothalamic area 
Periventricular nucleus 
Lateral hypothalamic area 
Dorsomedial nucleus 
Ventromedial nucleus 
Suprachiasmatic nucleus 
Supraoptic nucleus 
Paraventicular nucleus 
Arcuate nucleus 
Mammillary nucleus 
Medial preoptic area 
Lateral preoptic area 

Pituitary 

Anterior lobe 
Posterior lobe 

Cerebral cortex 

Neocortex 

Layer I 
Layers II-VI 

Cingulate cortex 
Anterior 
Posterior 

Entorhinal cortex 
Piriform cortex 

Cerebellum 

Molecular layer 
Granular layer 
Deep cerebellar nuclei 

3 

1 

3 

3 

1 
1 
2 

3 

3 

2 

1 
3 

2 

3 

3 

1 
1 
1 
0 

2 

1 
2 

2 

2 

2 

3 

2 

2 

2 

3 

3 

2 

3 

5 

4 

4 

3 

4 

4 

4 

1 
3 

Midbrain 

Superior colliculus 

Superficial gray layer 
Optic nerve layer 
Intermediate gray layer 
Intermediate white layer 

Central gray 
Red nucleus 
Substantia nigra 
Interpeduncular nucleus 

Inferior colliculus 

Dorsomedial 
Ventrolateral 

Ventral tegmental area 
of Tsai 

Pons 

Pontine central gray 
Pontine nucleus 
Locus coeruleus 
Parabrachial nucleus 

Medulla oblongata 

3 

1 
2 

1 

3 

0 

4 

3 

2 

1 

2 

2 

2 

2 

2 

Nucleus of the solitary tract 2 
Interior olive 

Nucleus of the spinal 
tract of the trigeminal 
nerve 

Oral part 
Caudal part 

Spinal tract of the 
trigeminal nerve 

Gracile nucleus 
Granular cell layer of 

cochlear nuclei 

Spinal cord 

Substantia gelatinosa 
Dorsal horn 
Ventral horn 
White matter 

White-matter tracts 

Corpus callosum 
Cingulum 
Internal capsule 
Ventral hippocampal 

commissure 
Fomix 
Anterior commissure 
Lateral olfactory tract 
Optic tract 

2 

1 
4 

0 

1 

3 

4 

1 
0 
0 

1 
1 
0 

1 
0 
0 
0 
0 

Superior cerebellar peduncle 0 
Medial lemniscus 0 

Regional binding of [‘H]PDBu is reported on an integer scale from 0 to 5. The range of activity (in DPM/mg of methacrylate; Amersham autoradiographic [‘HI 
microscales) corresponding to each integer is as follows: 0, 5 1000; 1, lOOO-20,000, 2, 20,00&40,000; 3, 4O,OOCL90,000; 4, 90,00&150,000; 5, > 150,000. Data are 
mean values of three determinations on three rats, which varied less than 20%. 
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CaCI,. Phorbol analogs (1 PM DPB, 1 PM PMA, 10 PM 4a-PDD, or 10 
PM phorbol) were added for competition studies. After 45 min at 23”C, 
samples were filtered over polyethyleneimine- (0.5%) pretreated glass 
fiber filters (Schleicher and Schuell No. 32) with three 3 ml washes of 
ice cold 50 mM Tris-HCl, pH 7.7. The radioactivity remaining on the 
filters was determined by liquid scintillation spectrdmetry after elution 
with 4 ml of Formula 947 (New England Nuclear). Nonspecific binding 
was defined as the radioactivity remaining in the presence of 1 PM PDBu. 

Lesion studies 
To produce selective lesions, use was made of differential neuronal 
sensitivities to various toxins. Quinolinic acid (Sigma, St. Louis, MO) 
was used to lesion the frontal cortex (200 nmol in 2 ~1 saline), hippo- 
campal formation (30-200 nmol in 2 pl saline), and caudate nucleus 
(200-500 nmol in 2 ul saline) (Schwartz et al.. 1983). A cerebellar lesion. 
sparing the granule cells, was produced with kainic’acid (Sigma, 2 nmoi 
in 2 ~1 saline), as described by Hemdon et al. (1980). Ibotenic acid 
(Regis, Morton Grove, IL, 100 nmol in 0.5 ~1) was selected to lesion 
the substantia nigra, because this toxin produces highly localized nigral 
lesions (Coyle and Schwartz, 1983). A granule cell-specific lesion of the 
dentate gyrus was produced with local injections of colchicine (Sigma, 
3 rg in 0.6 ~1 saline) (Goldschmidt and Steward, 1980). 

All lesions were produced in adult male Sprague-Dawley rats weighing 
200-250 gm. The rats were anesthetized with intraperitoneal chloral 
hydrate, 400 mg/kg, and placed in a stereotactic frame (Kopf Instru- 
ments, Tujunga, CA). The toxins were dissolved in 0.9% NaCl, adjusted 
to pH 7.4 with 0.1 M NaOH, and administered with a Hamilton mi- 
crosyringe over l-2 min. Coordinates were determined using the rat 
brain atlas of Paxinos and Watson (1982) and were confirmed by dye 
injection in age-matched controls. Lesioned animals were sacrificed after 
4-14 d and brain sections were prepared as described above. The lesions 
were characterized for extent and selectivity by histologic examination 
of the brain sections with toluidine blue stain, acetylcholinesterase stain, 
and Cajal’s silver stain (Ralis et al., 1973). Autoradiography was per- 
formed as described, and computerized microdensitometry was used to 
determine the quantitative regional effects of the lesions on [‘H]PDBu 
binding. 

Nervous mice (nr/nr) (Jackson Laboratory, Bar Harbor, ME), which 
postnatally lose 90% of their cerebellar Purkinje cells (Landis, 1973), 
were perfused and processed for autoradiography as described above. 
Phenotypically normal littermates (+/nr) served as controls. 

Results 

Specificity of [3HJPDBu binding 
To insure that autoradiographic patterns obtained with [3H]PDBu 
reflect pharmacologically relevant phorbol ester receptor bind- 
ing sites, we compared the potencies of several phorbol ester 
derivatives in competing for [3H]PDBu binding to brain sections 
that were mounted on microscope slides with their potencies at 
binding sites in homogenates (Table 2). The close similarity 
between the potencies of the various phorbol derivatives in 
homogenates and sections indicates that [3H]PDBu labels the 
same sites in both preparations. Thus, the pharmacologically 
potent phorbol derivatives, DPB and PMA (1 PM) (Driedger 
and Blumberg, 1980; Shoyab and Todaro, 1980) displace nearly 
all the binding in both sections and homogenates, whereas phor- 
bol and (~4-PDD, which have negligible pharmacologic activity, 

Table 2. Pharmacology of [‘HJPDBu binding in brain sections and 
homogenates 

% Inhibition of 

Phorbol Concentration )H-PDBu binding 

analog (PM) Homogenate Slice 

Phorbol 10 ot2 3+3 
4a-PDD 10 Ok2 8+4 
DPB 1 87 xi 2 83 -t 5 
PMA 1 105 * 2 96 f 2 

Comparison of phorbol analogs in inhibiting [)H]PDBu binding to rat cortex 
homogenate and to brain sections. Homogenate data were determined in triplicate 
from three rats. Slice data were determined in triplicate for two rats from the 
autoradiograms, using microdensitometry to assay cortical [)H]PDBu binding. 
Nonspecific binding was defined as the radioactivity remaining in the presence of 
1 WM PDBu for both the homogenate and slice binding. Data are mean values 
with SEM. PDBu, phorbol 12, I3-dibutyrate; 4~PDD, 4a-phorbol 12,13-didec- 
anoate; PMA, phorbol 12-myristate, 13-acetate; DPB, 12-deoxyphorbol 13-isobu- 
tyrate. 

are also extremely weak in competing for binding sites in ho- 
mogenates or sections. 

Autoradiographic localization of rH]PDBu binding 
The distribution of [‘H]PDBu binding throughout the brain is 
strikingly heterogeneous (Table 1 and Fig. 1). Within the olfac- 
tory bulb, clear differences in grain density among various layers 
are evident (Fig. 1A). The olfactory nerve layer and the glo- 
merular layer, which contain the terminals ofthe olfactory nerves, 
have relatively low grain density. The highest density in the 
olfactory bulb appears in the external plexiform layer (EP, Fig. 
lA), which contains dendro-dendritic connections between mi- 
tral cell and granule cell dendrites. The adjacent mitral cell layer 
(MI; Fig. 1 A) displays a markedly lower grain density compared 
to either the internal granular layer or the external plexiform 
layer that surrounds it. The anterior olfactory nucleus (AO; Fig. 
1B) has high grain densities, similar to the nearby frontal ce- 
rebral cortex (Fig. 1B). Within the primary olfactory cortex (PO; 
Fig. 1 C) there is substantial [3H]PDBu binding to the molecular 
layer, bordered by a layer of low grain density associated with 
the perikarya of the pyramidal cells (arrows; Fig. 1 C). 

In the basal ganglia, very high density occurs in the caudate- 
putamen (Fig. 1, D-G), with grains largely absent over white- 
matter bundles. The adjacent globus pallidus possesses sub- 
stantially lower levels of grains than the caudate-putamen. With- 
in the septal area, there are marked variations in grain density. 
Extremely high densities are present in the dorsal portion of the 
lateral septal nucleus (S; Fig. lE), whereas the medial septal 
nucleus has low levels of autoradiographic grains. Relatively 
low receptor densities also occur in the diagonal band nuclei 
(LIB; Fig. 1D) and the ventral pallidum (Vfi Fig. 1E). Among 
the amygdala (A; Fig. lH), grain densities are similar though 
the lateral nuclei are somewhat higher than the more medial 
nuclei. 

Figure 1. A-P, Rat brain autoradiographic mapping of [)H]PDBu binding sites. Representative brain sections are presented in a rostra1 to caudal 
progression. White areas correspond to regions with high phorbol ester receptor densities. A, MI = mitral cell layer of olfactory bulb; EP = external 
plexiform layer; ZG = internal granular cell layer. B, FC = frontal cortex; A0 = anterior olfactory nucleus; arrows point to cortical rim of enhanced 
binding. C, PO = primary olfactory cortex; arrows point to pyramidal cell layer of olfactory cortex. D, DB = nucleus of the diagonal band; OT = 
olfactory tubercle. E, CP = caudate putamen; G = globus pallidus; VP = ventral pallidum; F = fomix; S = lateral dorsal septal nucleus. F, PV = 
periventricular hypothalamic nucleus; ZM = internal medullary velum. G, HI = hippocampal formation; TH = thalamus; arrows point to stratum 
pyramidale. H, P = posterior cingulate cortex; A = amygdala complex; IN = internal capsule; D = dorsal lateral geniculate nucleus; V = ventral 
lateral geniculate nucleus; CD = granular cell layer of the dentate gyrus. Z, R = red nucleus; SN = substantia nigra. J, SC = superior colliculus. K, 
PA = periaqueductal gray. L, IC = inferior colliculus; PC = pontine gray; PB = parabrachial nuclei. M, DN = deep nuclei of the cerebellum; IO = 
inferior olivaty nucleus; C = granular cell layer of the vestibular nuclei. N, ML = molecular layer of cerebellum; CL = granular cell layer of 
cerebellum. 0, ST = nucleus of the spinal trigeminal tract. P, SC = substantia gelatinosa. See text for methods and further details. 
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Figure 2. Lesions of the nigrostriatal system: A, Autoradiogram of a 
brain section through the substantia nigra of a rat which had been 
lesioned on the left side 14 d previously with 100 nmol of ibotenic acid. 
Degeneration of the nigral neurons did not affect the density of [)H]PDBu 
binding sites in the nigra, which remain symmetric (arrows). B and C, 
Micrograph (40 x) of the brain section shown in A stained with toluidine 
blue. B demonstrates the loss and pyknotic degeneration of the nigral 
neurons, ZC and arrows. Also labeled are the zona reticulata, R; the 
cerebral peduncle, P, and the lesioning needle tract, T. C demonstrates 
the nonlesioned nigra. D, Autoradiogram ofthe substantia nigra (arrows) 
from a rat lesioned in the left caudate with 500 nmol of quinolinic acid 
4 d prior to sacrifice. Note the marked decrease in labeling of the sub- 
stantia nigra on the left side. 

The hippocampal formation also demonstrates marked vari- 
ations in [3H]PDBu binding. The highest grain density within 
the brain occurs in the stratum oriens and stratum radiatum of 
CAl. In contrast, very low grain density is detected over the 
pyramidal cell layer (arrows; Fig. 1G). Similarly, within the 
dentate gyrus, the granule cell layer (GD; Fig. 1H) possesses 
substantially fewer autoradiographic grains than the adjacent 
neuropil-enriched molecular layer. 

As observed for the frontal cortex, other areas of the neocortex 
possess very high grain densities. By contrast, the posterior cin- 
gulate cortex (P, Fig. 1ZZ) and entorhinal cortex (E, Fig. II) show 
somewhat lower grain densities. 

Within the thalamus, one can observe an outlining of the 
various thalamic nuclei by the receptor-poor white-matter lam- 
inae (ZM; Fig. 1F) that divide the thalamic nuclei from each 
other. The dorsal lateral geniculate (D, Fig. 1 ZZ) possesses sub- 

__ - 

Figure 3. Hippocampal formation lesion. Rat hippocampal formation 
4 d after the unilateral (right) injection of 200 nmol of quinolinic acid. 
Micrographs are from adjacent sections. Control (nonlesioned) hippo- 
campal formation is on the left. 0 = stratum oriens; R = stratum ra- 
diatum; P = pyramidal cell layer; G = granular cell layer; M = molec- 
ular layer of dentate gyrus. A, [‘H]PDBu autoradiogram (white areas 
represent dense binding), demonstrating a marked reduction of silver 
grains over the strata oriens and radiatum of the entire hippocampus 
(asterisks) and a preservation of grains over the molecular layer of the 
dentate gyrus (arrows). B, Toluidine blue stain demonstrating an exten- 
sive loss of pyramidal and granular cells in the lesioned hippocampus 
(arrows) and a preservation of adjacent neuropil (asterisk). C, Acetyl- 
cholinesterase stain, demonstrating preservation of the pattern and in- 
tensity of cholinesterase activity. Arrows point to the characteristic in- 
tense cholinesterase activity in the inner third of the dentate molecular 
layer and in the narrow bands just above and below the pyramidal cell 
layer. 

stantially higher grain density than the closely adjacent ventral 
lateral geniculate (V; Fig. 1ZZ). Marked variations are apparent 
in the subdivisions of the hypothalamus. For instance, the peri- 
ventricular nucleus (PV, Fig. 1F) possesses much lower grain 
density than the immediately adjacent areas of the thalamus 
and hypothalamus. 

Some of the most dramatic variations in grain density occur 
in the midbrain. For instance, the superficial gray layer of the 
superior colliculus (SC, Fig. 13) and the periaqueductal central 
gray (PA; Fig. 1K) possess moderate grain densities, which con- 
trast with the few grains in the surrounding tegmentum. The 
highest grain density within the midbrain occurs in the sub- 
stantia nigra (SN, Fig. II). By contrast, the adjacent red nucleus 
has virtually no receptors. 

Most areas of the pons contain very little receptor binding. 
The moderate grain density in the pontine gray and the para- 
brachial nuclei (PG, PB, Fig. 1L) contrasts with the surrounding 
areas that are nearly devoid of grains. The highest density of 
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Table 3. Lesion studies 

% Decrease in 
[sH]PDBu 

Lesioned area Region evaluated binding 

Substantia nigra (I, 14d) Substantia nigra Ok5 
Corpus striatum 0+5 

Corpus striatum (Q,4d) Substantia nigra 65 + 12 
Hippocampus (Q,4d) Stratum oriens and stratum 60 z!z 5 

radiatum 
Molecular layer of dentate Ok 10 

gyms 
Hippocampus (C$d) Molecular layer of dentate o+ 10 

gyms 
Cerebral cortex (Q,4d) Cerebral cortex 50 + 10 
Cerebellum (K,4d) Molecular layer of cerebellum 75 + 15 

Lesions were produced in the indicated areas with neurotoxins (I = ibotenic acid, 
Q = quinolinic acid, C = colchicine, K = kainic acid), as described in the text, 
and the animals sacrificed 4-14 d later. The effects of the lesions were evaluated 
in the ipsilateral region of interest and compared with the contralateral noninjected 
region. Lesion effects were evaluated in at least three brain sections from each of 
three animals and quantitated from the autoradiogram. Data are reported as the 
percentage decrease (+SEM) in [)H]PDBu binding due to the lesion. 

grains in the pons occurs in the granule layer of the cochlear 
nuclei (C; Fig. 1M). 

Low grain densities are also observed in most of the medulla. 
However, an intense band of receptor binding is apparent in 
the nucleus of the spinal tract of the trigeminal nerve (SC Fig. 
1, 0 and P). Also, moderate grain density occurs in the inferior 
olive (IO, Fig. 1M). The spinal cord has very little receptor 
binding except for a dense band of receptors in the substantia 
gelatinosa (SG; Fig. 1P) which is continuous with the nucleus 
of the spinal tract of the trigeminal nerve in the lower brain 
stem. 

Some of the highest grain densities in the brain occur in the 
molecular layer of the cerebellum (ML, Fig. lN), while the ad- 
jacent granule cell layer contains a much lower density of bind- 
ing sites. A moderate level of receptor binding is apparent in 
the deep nuclei of the cerebellum (ON, Fig. 1M). 

Most white-matter tracts throughout the brain either contain 
very low levels of receptor binding or are totally devoid of 
activity, as in the fomix (F; Fig. 1E) and internal capsule (IN; 
Fig. 1H). 

Effect of lesions on pH]PDBu binding 
To ascertain the cellular localization of receptor binding sites, 
we examined the effects of neurotoxin lesions upon grain den- 
sities in various areas of the brain (Table 3). Administration of 
ibotenic acid unilaterally near the substantia nigra produces no 
loss of [3H]PDBu binding in either the nigra or the caudate 
despite extensive destruction of nigral neurons (Fig. 2, A-C). 
However, unilateral injections of quinolinic acid into the cau- 
date depletes binding of [3H]PDBu markedly in the ipsilateral 
substantia nigra (Fig. 20; Table 3) as well as in the caudate 
itself. Accordingly, most phorbol ester receptor binding in the 
substantia nigra appears to be associated with terminals of the 
descending striatonigral fibers rather than intrinsic nigral neu- 
rons. 

Unilateral injections of quinolinic acid into the hippocampus 
produce a marked loss of grains in both the stratum oriens and 
stratum radiatum ipsilateral to the injection (Fig. 3A; Table 3). 
By contrast, receptors are unchanged in the ipsilateral molecular 
layer of the dentate gyrus following the lesion. Histological ex- 
amination of the lesioned hippocampus shows pronounced loss 
of both granule cells and pyramidal cells (Fig. 3B). Preservation 

Figure 4. Frontal cortex lesion. Rat frontal cortex 4 d after unilateral 
(left) injection of 200 nmol of quinolinic acid. A, [)H]PDBu autoradio- 
gram (white regions represent intense binding), demonstrating a marked 
reduction of PDBu binding in the lesioned region (asterisk) and a halo 
of enhanced binding at the periphery of the lesion (arrows). B and C, 
Toluidine blue stain (magnification, 100 x). Micrograph (B) is from the 
region marked by the asterisk and (c) is from a comparable area of the 
control hemisphere. Comparison of B and C demonstrates the loss of 
neurons from cortical layer II with preservation of the neuropil on the 
lesioned side. 

of acetylcholinesterase staining, a marker for afferent cholinergic 
terminals (Lewis et al., 1967), indicates that the lesion is selec- 
tive for intrinsic neurons (Fig. 3C’). Thus, the loss of [3H]PDBu 
binding in the stratum oriens and stratum radiatum reflects 
phorbol ester receptors associated with intrinsic neurons, while 
the preserved binding in the molecular layer may be associated 
with afferent terminals. Further indication that the binding sites 
in the molecular layer are associated with afferent terminals is 
provided by selective lesions of the dentate granule cells with 
colchicine, which also leaves the labeling in the molecular layer 
unaltered (Table 3). 

Quinolinic acid lesions of the neocortex reduce binding uni- 
formly through all layers of the cortex, indicating that phorbol 
ester receptors are associated with intrinsic neurons (Fig. 4; 
Table 3). A region of enhanced [‘H]PDBu binding is noted 
frequently near the lesion margin where damaged neurons per- 
sist and may represent neuronal response to injury. 

Confirming previous reports (Hemdon et al., 1980), localized 
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Figure 5. Cerebellar lesion: Rat cerebellar cortex 4 d following uni- 
lateral (left) injection with 2 nmol of kainic acid. Micrographs shown 
in A and B are from adjacent coronal sections centered on the midline, 
magnification 25 x . ML = molecular layer; CL = granular cell layer. A, 
Cajal’s silver stain demonstrates regions unaffected by toxin (asterisks) 
and adjacent regions where the Purkinje cells are degenerating (arrows), 
indicated by dark staining. Unaffected Purkinje cells are inconspicuous 
at this magnification. The granular cell layer is resistant to the toxin. B, 
[‘H]PDBu autoradiogram demonstrates intense labeling over the mo- 
lecular layer of nonlesioned regions (asterisks) and reduced labeling of 
the molecular layer coextensive with degenerating Purkinje cells (ar- 
rows). 

injections of kainic acid into the cerebellum produced regions 
where Purkinje cells were destroyed with no apparent loss of 
granule cells (Fig. 54). In regions of Purkinje cell loss, lower 
grain density in the molecular layer coincided with Purkinje cell 
degeneration (Fig. SB; Table 3). Since the cerebellum contains 
several neuronal types that are injured by kainic acid, in addition 
to the Purkinje cells (Herndon et al., 1980), the reduction in 
grains might not be attributable only to Purkinje cell loss. We 
therefore studied the cerebellum of the Nervous mouse, which 
postnatally loses 90% of its Purkinje cells (Landis, 1973). As 
reported by Nagle and Blumberg (1983), the normal mouse 
cerebellum demonstrates a high density of [3H]PDBu receptors 
in the molecular layer. [3H]PDBu binding to the molecular layer 
of the Nervous mouse cerebellum is only 10% of levels in control 
littermates (data not shown). Accordingly, a large portion of 
phorbol ester binding sites in the molecular layer of the cere- 
bellum appears to be associated with dendrites of Purkinje cells. 

Discussion 
The major finding of the present study is the markedly heter- 
ogeneous distribution of phorbol ester receptor binding in rat 
brain. A large body of evidence supports the assertion that the 
phorbol ester receptor is identical to protein kinase C (Castagna 
et al., 1982; Kikkawa et al., 1983; Niedel et al., 1983). Accord- 
ingly, [3H]PDBu mapping presumably reflects the regional dis- 
tribution of protein kinase C. The autoradiographically ob- 
served variations in binding are in general agreement with the 
regional distribution of protein kinase C activity measured bio- 
chemically (Walaas et al., 1983) and with the regional phorbol 

ester receptor binding measured in bovine brain homogenates 
(Nagle et al., 1981). The autoradiographic distribution we ob- 
served resembles that reported in the preliminary study by Nagle 
and Blumberg (1983) in mouse brain. 

The lesion experiments indicate that receptor binding is pri- 
marily associated with neurons. The high density of binding in 
neuropil-enriched areas suggests that binding sites are prefer- 
entially associated with dendrites and terminals rather than cell 
bodies. Direct evidence for a localization of receptors to ter- 
minals of specific pathways comes from the ipsilateral loss of 
nigral binding following striatal lesions and is also supported 
by the preserved binding in the molecular layer of the dentate 
gyrus following lesions of the hippocampal granule cells. Evi- 
dence for localization to dendrites was obtained from cerebellar 
lesion studies, which indicate that binding in the molecular layer 
of the cerebellum is largely present on Purkinje cell dendrites. 
Nonetheless, there may well be receptor binding associated with 
non-neuronal systems. The limited but definite grain densities 
observed in the corpus callosum may reflect protein kinase C 
associated with the basic protein of brain myelin which is a 
substrate for this enzyme (Turner et al., 1982). 

How might the localization of protein kinase C relate to neu- 
ronal function? Phorbol esters influence hormonal release in a 
variety of peripheral systems (Koenig et al., 1984; Kojima et 
al., 1983) and enhance transmitter release from adrenal med- 
ullary cells (Knight and Baker, 1983; Pozzan et al., 1984). These 
findings suggest that protein kinase C may also regulate neu- 
rotransmitter release in the central nervous system, which could 
account for the association of [SH]PDBu binding with nerve 
terminals of certain pathways. 

Direct evidence for a link between phorbol esters, protein 
kinase C, and neurotransmission has been obtained recently 
from physiological studies. In smooth muscle preparations, 
phorbol esters modulate neurotransmitter-induced contractions 
(Baraban et al., 1985a). Furthermore, phorbol esters selectively 
block a calcium-activated potassium conductance in hippocam- 
pal pyramidal neurons (Baraban et al., 1985b), an effect also 
produced by muscarinic agonists (Cole and Nicoll, 1984). Mus- 
carinic agents act post-synaptically to stimulate the PI cycle in 
the hippocampus (Fisher et al., 1980; Janowsky et al., 1984). 
The diacylglycerol generated by the PI cycle may activate pro- 
tein kinase C, as proposed by Nishizuka (1984), and in this way 
protein kinase C may mediate some of the effects of the PI- 
linked neurotransmitters. The map of protein kinase C local- 
ization might then provide an indication of the relative density 
of neurotransmitter systems that act via the PI cycle. However, 
several neurotransmitters stimulate the PI cycle, e.g., acetyl- 
choline, serotonin, vasopressin, and substance P (Nishizuka, 
1984), making it difficult to correlate the map of phorbol ester 
binding with a single neurotransmitter candidate. 

The distribution of protein kinase C would be expected to 
parallel its substrates. A protein designated Fl is phosphotylated 
specifically by protein kinase C (Nelson and Routtenberg, 1985) 
and appears to be identical to the brain-specific protein B-50 
which has been mapped immunohistochemically (Oestreicher 
et al., 198 1). In the hippocampus and cerebellum, localizations 
of protein kinase C and protein B-50 are quite similar. 

Since protein kinase C is stimulated by calcium, it is also of 
interest to compare its distribution to that of other components 
of the calcium second-messenger system. [3H]Nitrendipine and 
[3H]PY-108-068 have been used to map the binding sites of 
calcium channel antagonists which are linked to voltage-depen- 
dent calcium channels (Cortes et al., 1984; Gould et al., 1985; 
Murphy et al., 1982). A number ofsimilarities to the distribution 
of protein kinase C are apparent. For instance, the external 
plexiform layer of the olfactory bulb, superficial cerebral cortex, 
and hippocampal formation are some of the most enriched areas 
for both calcium antagonist binding sites and protein kinase C. 
There are also prominent differences, as calcium antagonist 
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binding sites in the molecular layer of the dentate gyrus appear 
to be associated with granule cells (Cortes et al., 1983) rather 
than with terminals, as was found for protein kinase C. Recently, 
calcium-calmodulin-dependent protein kinase II has been 
mapped in rat brain (Ouimet et al., 1984). Its distribution differs 
considerably from that of protein kinase C. For instance, where- 
as protein kinase C is enriched in the neuropil portions of the 
hippocampus with negligible levels in cell layers, the reverse 
pattern occurs for this calcium-calmodulin-dependent kinase. 
The complementary distribution of these calcium-dependent 
protein kinases may provide a clue to their distinctive roles in 
neuronal calcium signaling. 
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