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Introduction

HISTOCHEMISTRY seeks to analyze the

chemical composition of cells by developing

methods to localize cellular constituents in

situ within tissue sections. The ideal reagent

for this purpose would be one which corn-

bined a high degree of molecular specificity

for the component being sought with an

equally high degree of sensitivity. Antigen-

antibody reactions exhibit the extreme degree

of molecular specificity desired for histo-

chemistry and such reactions have been ex-

ploited for this purpose for the 30 years

which have elapsed since Coons et al. (26)

demonstrated that antibody could be
coupled with a fluorescent marker with full

retention of the antibody affinity for anti-

gen. Immunocytochemistry has thus far

found its most intense application in the

realm of cytopathology, exploring the pres-

ence of abnormal cellular constituents such

as virus and bacterial antigens and abnormal

proteins (see 9, 57). In this presentation we

have reviewed briefly the concepts of im-

munocytochemistry which allow this tech-
nique to be applied critically to the analysis

of normal cell structure and metabolism.

Four classes of molecules have been success-

fully localized by this methodology:

enzymatic intracellular macromolecules,

nonenzymatic intracellular macromolecules

(either structural proteins, secretory prod-

ucts, or other characteristic proteins of Un-

known function), cell surface macromole-

cules and receptors, and small intracellular

synthetic products, such as the cyclic nucleo-

tides. The latter subtopic wifi be covered

most extensively, as it is the area in which

we have most concentrated our efforts in

immunocytochemistry. Interpretation of the

technical requirements of small molecule

localization can best be appreciated by a

critical appraisal of the methods which

have been applied for the localization of

macromolecules with antibody reagents.

Applying Immunocytochemistry

Localization of Tissue Antigens. Several

textbooks and an extensive review of the

field of immunocytochemical staining (9, 57)

make an exhaustive review of the principles

unnecessary. With respect to the cytological

analysis of cell structural and metabolic

components, an antigen to be localized must

either be capable of synthesis de novo or

isolatable in sufficient purity to generate

single bands by standard techniques of pro-

tein separation. Small molecules can be used

as antigens by synthesis of hapten onto

larger carrier molecules (see below) . Two

localization methods have become standard.

In the “direct” method the antibody is la-

beled with a marker substance visible by

light, fluorescence or electron microscopy.

In the more generally applied indirect

method the primary antibody to the antigen

to be localized is not labeled, but is itself

located through a second antibody bearing

the label (e.g., labeled goat antirabbit anti-

tubulin). Recently, numerous other varia-

tions of these techniques have appeared.

Wachsmuth and Lachmann (111) prepared

antigen-antibody complexes with antibody

excess, and separated the precipitin bands

from an agar gel immunoelectrophoreto-

gram. The partially purified and reacted
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immunoglobulin complex retained vacant

antigen binding sites which were then used

to detect antigen (antidiuretic hormone,

aminopeptidase, and antinuclear globulin) in

tissue sections. The antigen-antibody corn-

plexes were then localized indirectly with a

labeled antiglobulin antibody. A different

sort of intermediate labeling was devised by

1\Iason et al. (68) who made use of the anti-

genicity of the marker protein, horse radish

peroxidase. They raised antibody to peroxi-

dase in the same species used to raise anti-

body to the tissue antigen they wished to

localize. An anti-immunoglobulin was then

prepared in a second species to act as a

bridge between the immunoglobulin against

the tissue antigen and the homologous spe-

cies antibody against the marker. Thus,

antibodies to peroxidase and to growth hor-

mone or chorionic gonadotropin were both

raised in different rabbits. The antihormone

immunoglobulin was applied to the tissue

and this was reacted with unlabeled goat or

sheep antirabbit globulin. On this set of

molecules an additional exposure was made

to rabbit antiperoxidase which was bound to

the antirabbit globulin already attached to

the section and finally the peroxidase was

added to be bound by the final immuno-

globulin. This sandwich of immunoglobulins,

topped by the marker enzyme, was then

localized by the histochemical reaction for

peroxidase (42). Although complicated, the

advantages accrue from the fact that it is not

necessary to conjugate the marker to the

antibody, possibly disturbing its specificity.

Sternberger et al. (103) have reported a

similar localization method employing un-

labeled antibodies in which the marking

antibody (the third step reaction in the

Mason procedure described above) was al-

ready reacted with peroxidase to form a

soluble pentamer containing three peroxi-

dase molecules and two antiperoxidase im-

munoglobulins. Sensitivity and specificity

were said to have been increased approxi-

mately 2 to 3 orders of magnitude over rou-

tine immunofluorescence detection of tissue

spirochete antigen.

Haemmerling et al. (45) described two

additional modifications to improve the

resolution of markers used for electronmicro-

scopic immunocytochemistry and to avoid

the loss of antibody activity which can ac-

company direct immunoglobulin-marker

conjugations. They prepared hybrid anti-

bodies from the rabbit in which ‘y-globulin

fragments specific for either the tissue anti-

gen or for the antigen to be used as a marker

were combined. In this way each irnmuno-

globulin molecule reacting with the tissue

antigen (in this case a surface alloantigen

H�2b) could also be reacted with a marker

molecule. In addition to the use of ferritin

as an ultrastructural label, Haemmerling

et al. (45) demonstrated the usefulness of

small plant virus particles such as southern

bean mosaic virus as markers, since (a) these

molecules are directly visualizable in the

electron beam, (b) they are of an appropriate

size and are strongly antigenic, and (c) they

do appear to bind generally to cell surfaces.

The virus particles thus represent an alterna-

tive ultrastructural marker to ferritin. Tm-

proved detection of ferritin can be achieved

by staining with bismuth (1) or could be re-

placed with a radioactive immunoglobulin

prepared by reaction with 311-acetic anhy-

dride (84) or 125J ioclination and localized

autoradiographically (see 56).

Localization of Immunoglobulin Labels. The

standard general method to detect the im-

munoglobulin which has been used to iden-

tify the tissue antigen being sought is to at-

tach a fluorescent marker, usually fluorescein

isothiocyanate (FITC) or rhodamine, to the

immunoglobulin. The improved sensitivity

of the fluorescent marker over colored stains

permitted Coons to succeed in his classic

description of the method. The detection of

FITC conjugates in tissue sections through

the use of the most efficient light sources

and filters has been discussed in great detail

by Ploem (86). Although fluorescein is the

most widely used marker dye for the purpose,

problems arise from the fact that its excita-

tion maxima (490 nM) is not too far from

its emission peak (525 nM) and that the
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standard illuminator used in this field (the

200 watt high pressure mercury lamp) emits

very little energy in this portion of the spec-

trum, although it does have a rather sharp

peak at 546 nM. This means that excitation

is less than optimal despite the high amouut

of energy absorbed by the tissue. The high

illumination of unwanted light leads to

“autofluorescence” of the tissue, which can

introduce problems of interpretation, es-

pecially when low intensity staining is pres-

ent. Ultraviolet energy also leads to more

rapid decomposition of the FITC fluorophor

and makes photomicrography difficult. All of

these problems can be overcome with a more

logical selection of filters and an illuminator

appropriate for the area of the spectrum

desired; these points are extensively dis-

cussed by Ploem (86).

The immunoglobulin can also be localized

by conjugating a marker enzyme which can
then be demonstrated histochemically. The

peroxidase reaction of Graham and Karnov-

sky (42) has been employed most widely for

this purpose (9, 57), but other markers such

as glucose oxidase (43, 60), cytochrome c

(28) and lactate dehydrogenase (20) have

also been used as well as attachment of

radioactive markers (84), ferritin (72, 77), or

virus particles (45). The advantage of the

enzyme marker or the radioactive marker is
that the sensitivity can be increased over the

fluorescence level, since autoradiographic

exposure or enzyme histochemical incuba-

tion times can both be extended consider-

ably without loss of selectivity. Both meth-

ods also produce markers which can be

directly visualized by routine bright field

microscopy and may be expected to remove

the interpretive problem occasionally caused

by “background” fluorescence. For those
who will continue to employ the commercially

available immunoglobulins and antisera al-

ready conjugated to fluorescent markers,

several methods for simplified removal of

excess fluorescein or labeled contaminant

proteins may be of value (3, 16, 22, 79, 89).

Preparation of Tiss�ue. When sections of

tissue are used for the immunocytochemical

localization, considerable thought must be

devoted to the necessary compromises be-

tween adequate retention of tissue structures

and preservation of antigen reactivity in its

native location. For most purposes, cryostat

sections of tissue freeze-quenched rapidly to

the temperature of liquid nitrogen are used.

These sections (4 to 20 micra thick) are then

exposed to mild solvents which are also

protein denaturants of varying potency (e.g.,

chloroform-methanol). If the antigen to be

localized is a structural protein (like col-

lagen) or a particulate-bound secretory prod-

uct (like anterior pituitary trophic hormones)

it may be possible to apply standard chem-

ical fixation methods with retention of anti-

genicity and no translocation of the antigen

during the process (see 40, 53, 87). On the

other hand, it cannot be assumed without ex-

perimentation that the antigen being sought

does not migrate within the tissue water set

free during thawing of the section unless

freeze-dried sections are also examined. The

use of lipid solvents is employed widely (25,

57) since these materials will extract lipid

from the tissue while retaining some degrees

of light microscopic structural details by de-

naturation. The removal of the lipids can

actually improve the antigen-antibody reac-

tivity (25). Hartmann et al. (47) have re-

ported that extraction of tissue sections with

chloroform-methanol and addition of Triton

x to the primary immunoglobulin reagents

and subsequent washes improves the sensi-

tivity of doparnine $-hydroxylase within

cryostat sections of brain. On the other hand,

Kawamura (57) observes that treatment

with chloroform-methanol destroys the anti-

genicity of Japanese encephalitis virus (JB)

although progressive extractions of the 5cc-

tions with fluorocarbons such as carbon

tetrachloride improved immunoreactivity.

It is of interest that while immunocytolo-

gists go to considerable lengths to obtain

purified antigenic materials and to purify

the immunoglobulins raised against these

antigens, few appear to have examined the

effect of the solvents used to “fix” the tissue

and its antigens on the reactivity of the

immunoglobulin for the antigen in vitro (25).

If the “contrast” and staining intensity of
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the tissue section is to be used as the sole

criterion for adequacy of antigen retention

and reactivity, then it seems especially im-

portant to perform control staining experi-

ments assiduously.

Irnmunocytochemwal Controls. Criteria for

successful localizations with immunocyto-

chemistry were listed by Coons (25) (see also

32). Such criteria include blocking experi-

ments in which incubation of the antisera or

immunoglobulin preparation prevents the

specific pattern of tissue staining, or the

opposite control in which saturation of tissue

antigen with unlabeled immunoglobulin pre-

vents the attachment of the specific labeled

immunoglobulin. In addition, one might add

cytophysiological criteria to the point that

staining intensity or distribution ought to

correlate with changes in the tissue antigen

(such as the effects of endocrine gland re-

moval on the number of specific cell types

storing trophic hormones in the anterior

pituitary (81). Similarly, ability to retain

specific patterns of cellular immunoreactivity
with diluted immunoglobulin preparations

implies specificity of the reaction, although
this test is successful only infrequently.

Immunocytochemical Localization of

Enzymatic Macromolecules

A wide variety of enzymes which can be
highly purified have been used to raise im-

mime sera which then can be used to lo-
calize the enzyme antigen in the tissues from

which the enzyme was harvested. These
localizations are summarized in table 1 . Two

aspects of such localizations are worthy of

further discussion from a general theoretical

viewpoint. One question is the nature of the

changes which are undergone by the enzyme

molecule during the course of its purification

as an antigen and as an enzyme. It seems

clear that while enzyme activity may be

extensively enriched by protein purification

steps, these same steps may induce changes
in the tertiary structure of the molecule as an

antigen which will influence the ability of the

immunoglobulins to recognize and bind to

the antigenic enzyme as it occurs in the tissue

sections. Secondly, there is the question of

TABLE 1

Intracellular enzymes localized by immuno-

cytological methods

Enzyme Reference

Aldose reductase 21
Alkaline phosphatase 35
a-Glycerophosphate dehydrogen- 17

ase
Amylase 116

Catalase 78
Cathepsin D 88
Chymotrypsinogen 34, 116

Creatine phosphokinase 73

Dipeptide naphthylamidase 54

Dopa decarboxylase 53

Dopamine-$-hydroxylase 38, 47, 53

Hexokinase 27

Ornithine aminotransferase 15
Phenylethanolamine-N-methyl- 53

transferase

Ribonuclease 32

Triosephosphate dehydrogenase 14, 17
Trypsin, trypsinogen 34, 116

enzyme families utilizing the same substrates

for similar reactions but having different

chemical compositions as disclosed by elec-

trophoretic or chromatographic separation

techniques. For example, crystallized horse

liver alcohol dehydrogenase has five separ-

able components (85), each of which can be

used as an antigen. When this is done and

the isozymes tested for immunological cross

reactivity, it is found that two components

cross react, while the other three do not.

When purified bacterial aspartate transcar-
bamylase is used as an antigen (8), it is

found that the intact enzyme reacts with the
antisera more effectively than either of the

two known subcomponents of the enzyme.

This might well be expected since only the

native antigen could possess all of the

antigenic determinants. On the other hand,
when enzymes which are mutually related,

such as papain and chymopapain are used as

antigens and cross reactivity tested (4), it is

found that antigenic determinants shared by

the two molecules can inhibit the enzyme

activity of both enzymes better than the

total immunoglobulins raised in response to

chymopapain alone. This implies that some



TABLE 2

7, 19, 29, 30, 48, 49, 58,

64, 74
81, 82, 108, 111

18, 28, 110
37
65

84

63, 115
46
52

5

38
6
66
24
2,94
55

62
24, 107�

13
*

36, 61, 69, 90, 102, 104,
112

109
93
67
117

92

39, 40, 76, 83
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immunoglobulins react with antigenic deter-

minants close to the active site of the en-
zyme and others do not. Sanders et at. (91)

have reported that peptic digests of chymo-
trypsin will react selectively to purified im-

munoglobulin raised to either trypsin and

chymotrypsin, suggesting that at least for
this class of enzymes, homologous chemical

functions arise from a backbone of similar

chemical structure. Such considerations may

be especially pertinent when enzymes are

harvested from organs in which the enzyme

concentration is high in order to develop an

antigen to provide an immunoreagent to

localize the enzyme in tissues where the

enzyme protein concentration is low. For

example, it is common practice to purify

dopamine $-hydroxylase from adrenal me-
dulla, and apply the immune serum raised

from this antigen against all tissues in which

catecholamines can be assayed (38, 47, 53),

or against the same enzyme activity in dif-

ferent species. While successful staining

across tissue and species lines implies that

such cross reactivities do not interfere with

the localizations, it is difficult to conclude
from such studies that shared antigenic

determinants imply identical enzyme mole-

cules and related enzyme parameters, such

as KM’s, substrate and inhibitor specificities.

Furthermore, when inhibition of enzyme
activity is used as a test for cross reactivity

with an antienzyme antibody, it seems worth

noting that some enzymes are directly ac-

tivated by exposure to the appropriate im-

munoglobulin (106), and that considerable
immunoglobulin reactivity may occur with

antigenic sites at some distance from the

active site and thus not be indicated by

enzyme inhibition (23).

Immunocytochemical Localization of

Non -enzymatic Tissue

Macromolecules

A long and growing list of secretory and

structural proteins and antigenic lipids have

been localized successfully by immunocyto-

chemical methods. These macromolecules

are summarized in table 2. Although the

Structural and biosynthetic cell antigens localized

by immunocytochemisiry

Antigen Reference

Hypophysial hormones

Other hormones
Calcitonin

Erythropoietin
Gastrin

Glucagon

Insulin, proinsulin
Parathormone

Ream
Structural proteins

Actin

Chromogranin

Chromomembrin
Collagen

14-3-2
Fibrin/fibrinogen
Hemoglobin
Myosin, meromyosin
S-100
Thrombesthenin
Tubulin

Other antigens

Immune globulins

Calcium binding protein
Ceruloplasmin
Glycosphingolipid

Milk protein
N-acetylglucosamine
Transplantation anti-

gens

a K. L. Sims and B. W. Moore: Immunofluores-
cent studies on the localization of the brain spe-
cific proteins, S-100 and 14-3-2. In preparation.

localization of immunoreactivity to the

granular components of cells known to syn-

thesize and secrete an antigenic polypeptide

hormone may not be dramatic, such methods

can be used to follow the synthesis of these

molecules is an extremely specific manner.

On the other hand, when a tissue yields

several distinguishable protein antigens,

these methods are particularly valuable in

determining which cell types or cell com-

ponents give rise to the identifiable antigens.

Thus, by such methods it is possible to show

that antibodies to the soluble brain protein
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5-100 (75) localize mainly to glia (24, 107)’

while antibodies to another soluble acidic

specific brain protein, 14-3-2’ localize almost

exclusively to neurons (24).’ Similarly, anti-

bodies to the protein of chromaffin granules,

known as chromogranin (38) can be used to

follow the release of intravesicular material

during natural exocytotic events (98) and to

stain the organelles in the tissue by immuno-

cytochemistry (38). Recent developments of

an antibody to the purified membrane of the

chromaffin granule (6) may extend these

observations. The formation of certain im-

munoglobulins has also been examined by

immunocytochemical ultrastructural meth-

ods, in which the usually insurmountable

problems of access of antigens and antibodies

in fixed tissues embedded in resin for thin

sectioning have been overcome through the

use of hardy antigens (61, 66, 104), water

soluble embedding materials (70), and

methods for the amplification of the marker
labels (1 , 102, 105). Immunocytological

examination of tissue sections may reveal the

presence of antigenic components even when

direct immunoassay of tissue homogenate

extracts indicates that the tissue is low in

content of this antigen. This situation arises

because the immunocytological analysis can
reveal a high concentration of antigen in a

very small and restricted population of cells

among a vast majority which do not possess

the material. Thus an immunocytological

approach may be essential to the localization

of brain peptides which may function as

neurotransmitters (see 10, for discussion).

Localization of Cell Surface Macromole -

cules by Immunocytology

Immunological methods have been ex-

tremely fruitful when applied at both the

light- and electronmicroscopic level to the

question of cell surface receptors, especially

when these methods are applied to the

nature of the process by which certain im-

mune cells are triggered to form antibodies

1 Sims, K. L. and Moore, B. W: Immunofluo-

rescent studie8 on the localization of the brain

specific proteins, S-100 and 14-3-2. In preparation.

(31, 50, 80, 83, 90). In addition, these

methods can be used temporally to exam-

inc the migration of molecules on cell sur-

faces (33, 56, 83, 96) . With suspensions of

thymocytes and other immune cells in vitro,

Karnovsky and Unanue (56) have applied

ultrastructural markers with conventional

high resolution autoradiography and freeze-

etching to assess the density and migration

of cell surface receptors on lymphocytes for

conconalvalin A, immunoglobulin, anti-

lymphocyte globulin, and alloantigen 11-2.

These ultrastructural studies complement

and extend other observations made with

fluorescent markers (see 33) on the process

by which antigen binds to receptors of a

specific density on the surface of an immuno-

competent cell, and which allows these

bound antigens to be aggregated into caps

and engulfed into the cell (33, 83). Such

studies also bear directly on the nature of

the fluidity of the intramembranous com-

ponents of the plasma membrane allowing
certain receptors to move independently of

other receptors toward the pole of the cell.

It seems feasible that similar methods could
be employed to study the nature of the

process by which new membrane corn-

ponents are constantly being added to the

cell surface (see 97).

Immunocytochemical Localization of

Cyclic 3’ , 5’ -Adenosine Monophos -

phate

Cyclic adenosine monophosphate (AMP)
triggers numerous intracellular physiological

events in response to the actions of hor-
mones. Most tissues giving such responses

consist of multiple cell types, and unless cell

separation and suspensions are performed

prior to hormonal activation, it is not pos-

sible to determine which cell types give rise

to the increase in AIVIP. Immunological

methods have been employed to develop a

sensitive immunoassay for cAMP (101) and

extension of these methods to immunocyto-

chemistry has permitted certain preliminary

steps toward a cellular localization of cAI\IP

(114).
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Application of A �iti-cA .1! P lvi in u noglobu-

liii to Im in itii ocytoc/i.einistry . Antisera t 0 t h(�

antigen described above were prepared in

rabbits, and the immunoglol)ul in sul)frae-

tions (20 to 40 rug of l)roteiII/n�l) were used

as the primary immunoreagent, and detected

with FITC labeled goat immunoglobulin

raised against rabbit immunoglobulin (114).

In order to obtain distinct and reproducil)le

cellular patterns Of staining, it was essetitial

that. the cryostat SeCtiOfls nOt 1)1’ (‘Xj)Ose(l to

any solution after drying, aiid that immuno-

globulin fractions be used as tim imnniiio-

reagents. lormaldehyde fixat ion was found

to be possible between the immunoglobulins,

and improved the retention of cellular struc-

ture, particularly in brain ( 1 1).

l�)sit iVe i mmun� )fiuoresceflt sta ining with

rabbit anti-cA\IP immunoglobulin has been

observed in specific cells of several differetit

rodent organs. 1�i verify tlmt the staining

observed indicated the presence of cAM P in

these cells, several types of immunological

and pharmacological experiments were l)er-

formed. No staining was observed wheii the

immunoglobulin fract i n ( )f uni rnniuiiized

rabbits was 115(511 aS the i)r�n�ar� imn�uiio-

reagent . Slight diffuse 1)ackgr( )uIl(l stai fling

was observed in j)reliminarv exl)erin�ents in

which unfractionated naive sera were used.

No staining was observed if the fluoresceiti-

conjugated goat antirabbit IgG was reacted

with the sections without prior exposure to

rabbit anti-cA’ilP 1g. The l)ositive discrete

cellular staining j)atterns obtained with rub-

bit anti-cA\IP Ig and goat fluorescein-conju-

gated antirabbit IgO could he l)locked if the

aliquot of the rabl)it Ig was reacted with

10� or l0� \l cAMP for 4 hr at 4#{176}Cbefore

tissue exposure. IflCUl)atiofl of the rabbit

anti-cAMP Ig with :� X l0� \1 eoncentra-
t ions of adenosine t ri phosphate (.\TP),

,i’-±�\ I P, succinate, cyclic iflosifle mono-

phosphate, cyclic guanosine monophosphate,

or cyclic uridine monophosphate for 4 hr at

4#{176}Cor incubation of the antiglobulin alone

for 4 hr had no effect on the specific cellular

staining. Furthermore, identical cytological

patterns of positive staining were seen with

antibodies l)reparecl to cA\IP antigens, by

using either human serum albumin or key-

hole limpet hemocyanin as the carrier pro-

teiti. These results indicate that staining was

hOt due to cross reaction betweeii an Un-

known rodent protein and antibodies to the

carrier proteins (11, 114).

Iininuiiocylologieal Localizalions of (A�fP

after �S11i)n u lal ions . 1�( ) (let (‘rmifle \VlIet her

t his indirect i mmunofiuorescence met hod

\VOUld detect increases in staining intensity

01’ changes in (Pllultlr staining i)atterns under

COflditiOIls ill �vliich (PllUltlF cA�\lP levels are

increased (such as those which occur after

horn�nal st i mulat ion ) , we have examined

several diflerent tissues (11, 9;, 114).

cA ]JP Inniunofiuorescent Staining in

_1I DUSC Saliiary (r’land. \ lOUse salivary

glands ��ere examined for c-%\IP irnnnhiio-

fi UO�(�5(P11Ce l)efore atid after intraperitoneal

ifljectioii of isoproterenol (0.M ng/g). This

treatn�’nt has beeti reported to produce a

several-fold increase iii tissue cf\\IP content

within 10 miii after itijeetion (see 114). ‘1�he

staitiing patteriis �1i1(l intensity for cA\IP

i flTlnfluIU)fl in )reseenee were (�()nM)a red l)(�t %�‘PCII

,uiinials treated with isoproterenol �ttid

(�( )flt rol n�i�e given injecti( illS of IJilocarpine

(40 �.�g/g), a cholinolytic (lialogUe which

does hot affect tissue cA\l P synthesis.

I mn�unofiuoreseent staining was increased

nmrkedlv in the salivary glands of isopro-

terenol-t reat (‘(ii au i mtils and a discrete i)at-

tern of cellular staining was observed. Only

9(�jfl�5�’ cells IIII(I1 �)eria(�inar l)�1Skt’t cells cx-

hibit staining while ductules, blood vessels,

a iid c )iIIleCt ive t issue st roma remain nega-

tive (114).

Pallerii .s� of cA �iI J) un in ito ofluorescen t

Slaii, iii�j in �S�ti111l41at(’(i LyniplEocyles. 1�he

ability to localize eA\IP histochemically

a1lo�vs Ill)t only the localization of c�\.�\IP to

individual cells but also the subcehlular In-

calization of the nueleotide within a single

(Pll. This type of analysis is especially im-

portant in situations where there are differ-
ing effects on cellular metabolism under

conditions where similar changes in cellular

cyclic AMP occur. This is particularly true
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2 JJ� J� \Vedner et (11.: In preparat ion

for the human lymphocyte. Phytohemag-

glutinin (PHS), an extract of the ,Jack Bean

(P. vulgaris), causes blastogenesis of lym-

phocytes when incubated with the lympho-

cytes under appropriate conditions (71).

This blastogenie response has been linked to

rises in intracellular cAMP, and it has beeti

suggested that cAMP serves as the second

messenger in the PH�� response (99). Iso-

proterenol ( ISO) and prostaglandin E,
( POE,) are also potent stimulators of cA\I P,

and under appropriate conditions, incul)a-

tions of lymphocytes with these agents can

inhibit the blastogenic response to PHA

(101).
We have carried out experiments with

combinations of PHA and ISO or PGE, in

short term incubations and measured the
jfl(.fp�5() iJI whole cell cAMP.2 In these experi-

ments the increase in (A\IP was additive

thus suggesting that there may be separate

adenylate cyclases responding to each of

these pharmacological agents. These results

led us to consider the possibility that there

\VPr(’ spatial differences between the adenyl-

ate cyclases which could be demonstrated

1)y localizing the (A�i\IP generated by using

the immunohistochemical techni(1ues ( 1 13).

Lvmphocvt (‘S WCFe ilIcUbIlt ed wit h I �HA,

Pc;E1, �tiid ISO under conditions which had

I)eeIl (letermifled previ�usl� to give the

maximum increase in jut racellular cA \ I P.

After a lO-miri incubation the cells were

rapidly sediment ed, resuspended in 1)hOS-

l)hate l)uffered saline, coverslip smears ��ere
made, and rapidly dried. The localization of
cA :�i J) was carried out as described ah)ove

with the exception that the staining times

were from 10 to 30 miii with a washing times

of 3 to 15 miii. With this technique increases

in cAMP could he demonstrated with each
of the agents used. However, the localization

of the increased cAMP was different for each

of the agents used (fig. 1). When the cells

were incubated with PHA, there was an

increase in cAMP found in a spotted pattern

along the plasma membrane. There was tint

a consistent increase found in the cytoplasm

nor was there staining seen in the nucleus.

The patchy pattern is seen in virtually 100 #{182}�

of the cells examined. In addition, studies

were carried out at 0#{176},25#{176},and 37#{176}Cand

FIG. 1. Ifllfl11IIU)hist ocheniical localization of

cAi\IP in hitmati lymphocytes. Purified peripheral
blood lymphocytes from a single donor were inch-

bated with phyt ohemaggi ut i ni ii, isoprot erenol or

prost aglaiidin E, (P( E,) and cAMP was localized

by the immitnohistochemical technique as de-

scribed in the text. The different patterns of cAMP
localizatioi� for 1�HA (top), ISO (middle) and

P ;E (bolt om) are demonst rated.
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1011.

the pattern did not change. This indicated

that the staining is not due to movement of

surface molecules induced by the incul)ation

of the cells with PHA (see below).

When the cells were incubated with PGE

the pattern of localization was completely

different. Iii this instance there is an in-

crease found over the entire cytoplasm, hut

ii�ne is �eeii iii the nucleus. Studies done with

shorter incubations have failed to demon-

strate movement of the cAMP from tlw

plasma membrane into the cytoplasm. It

should be I)oiilted out, lu)wever, that be-

cause of the design of the experiments it is

impossible to examine cells at time periods

less than 150 sec \Vhi(h may be eiiough time

for the eA�\1P to be getierated at the plasma

membrane and diffuse into the cytoplasm.

The possibility exists, however, that some of

the cAMP generated may come from ade-

nylate cvclases found wit hiri cytoplasmic

organdies.3

A third pattern was seeti with isopro-

terenol. In this instance the localization was

found over the entire cell but most impor-

tant, there is prominent staining of the

nucleus, not 5(S’ii iii the other two condi-

tiotis. Since the nucleus occupies the niajor

part of the cell volume, we propose that a

large part of the iticrease in intracellular

(‘A\IP 5(5�ii �vitii isoproterenol n�ust be

tiuclear. Confirmation for this ol)servation

comes from studies with isolated lymphocyte

nuclei which have demonstrated an adenvl-

ate (‘y(hit5(� on the nuclear membrane which

is responsive to isoproterenol .�

The result of these experiments when
combined with the measurement of whole

cell cAMP by radioimmunoassay indicate

that there are most likely multiple adenylate

cyclases spatially separated which, under

appropriate conditions, are capable of gen-

erating cAMP into specific cellular compart-

ments. The cAMP generated by one adenyl-

ate cyclase may then induce cellular meta-

II). Snider and C. W. Parker: Unpublished

observat ions.

� H. J. Wedner and U. W. Parker: In prepara-

l)olic events fl()t induced by cA)JP in another

cellular compartment . This may account

for the confusing results found in the lym-

l)1i0c�’t(! where blastogenesis may i)e either
induced or inhibited by agents thought to

ttdt i’ia cAMP. In addition, it. indicates that

experiments in which the use of cAMP or its

dibutyryl derivative to attempt to mimic the

effe(t of pharmacological agents may fail due

to the inability of this type of experiment to

place the cAMP into the correct cellular

compartment.

The U5d of the immunohistochemical

localization of cAMP may also be effective

iii licahizing the area within the cell where

(‘.UdP is generated. Such studies attempting

tO %‘�e\V tlw subcellular distribution in tissues

such as intestine stimulated by cholera

toxin and toad bladder stimulated by vaso-

pressin are under way in our laboratory.

� .3! P Jut mun ofluorescen I Sla in ing in

Stimulated Neurons. The brain is extra-

ordinarily rich in hormonallv sensitive

adenyl ey(lase, particularly in the cerebellum

(see 11). On the basis of correlative histo-

chemist ry, (‘ldct rophysiology, and pharma-

cology it has beeii suggested that the inhibi-

tion of Oii(� type of cerebellar neuron, the

Purkinje cell, results from a synaptic path-

way from the locus coeruleus which is mcdi-

ated by norepinephrine and that this action

of norepinephrine is in turn mediated by

cA\IP within the Purkinje neuron (12, 51).

This cellular situation can be tested by

applicat 1011 of the immunofluorescent stain-

ing method for cAMP to determine whether

the staining patterti of Purkinje cells does

(liahige S�)ecifically under the influetice of

exogenous (ateclR)la mines or act ivation of

the noradrenergic synaptic pathway. In or-

der to determine whether there was in fact

any discrete cellular staining pattern for

cAMP in tissue sections prepared in the re-

quired way (see above), the postdecapitation

rise in cerebellar cAMP level was used to

produce a cAMP rich tissue source. When

cerebellums were freeze-quenched within 90

to 150 sec after decapitation, discrete cellular

immunofluorescent staining for cAMP was
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Fi c. 3. Indirect i mmunofluorescent st ii ni ng for c AM P in medoill try ret i cotlar format ioto

observed only in two types of (on ical tells

granule cells and Purkinje cells. Liider thieso

conditions of postd(capitatioti delay, ap-

proximately SO #{182}�to 90 � of Purkinje
neurons exhibited positive staining (fig. 2).

i\Iost reactive cells showed staining exclu-

sively in the nucleus, �vlii le ot hers showed

staining of both nucleus and cytoplasm, and

a few cells showed exclusivel nuclear stain-

ing (11). In aj)propriately sectioned Put-

kinje cells, stainimig could 1)e seen to extend

within the apical tlendrites into the molecular

layer. tnder similar physioli ogica] conditions,

staining of cytoplasm was also observed in

neurons of the reticulam formation and the

deep cerebellat nuclei (fig. 3). However,

white matter and ghia. around Purkinje cells

do tiot show positive staining.

Several immuno miogical reactions establish

tin specificity of the indirect immumioryto-
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chemical staining and confirm that the

staining observed in these neurons is at-

tributable to their (�A\1P content. No stain-

ing of cerebellar sections w as o)b)served ��iien

the Ig fraction of non-imniunized rabbits

��as used as the primary irnn�1tioreag(Iit oir

when the fluorescein-conjugated goat IgG

was reacted With tissue sections that had not.

been exposed to) rabl)it Ig against eA�ilP.

The positive discrete neuronal staining pat-

terns obserVed only ��heti 1)0th immuno-

reagents were used could be bloclud if l)�r-

tions of the rabl)it Ig to h)e used for staining

were first incubated with 0.1 or 1.0 rn’tI

cAMP for 4 hr at 4#{176}C.The relatively high

concent rations of cA \ I P required t o) hi o ek

the imrnunocyt )chemical staining presum-

ably reflect the large (‘A�\IP binding capacity

of the undiluted Ittiti-c\)IIP in�n�li1n)glohu-

lin.

\Vhen the ral)i)it Ig against (‘A\l P was

first incul)ated (4 hr, 4#{176}C)alone or with 5.0

m.\1 concentrations of ATP, suecinate,

adenosine 5’-nioti )l)1i( )sl)hittt 0 �, ( )t’ t hi � e�tlie

monophosphates of guanositie, iii )silie, )r

uridine, there ��as no observal)le effect on the

cell staining. 1urthern�)re, identical cytolog-

ical i)atterns of 1)(i)SitiVe staitiing were setti

with antibodies Prel)ared to cA\l P that ��as

conjugated to either human serum albumin

or keyhole limpet hemocyanin. This result

indicates that positive staining could not be

due to cross reactivity between an unknown

brain protein of rodents and antil)odies to

the carrier proteins.

In order to determine the staining Iiattertis

in tissue samples \VhidhI more closely reflected

(�)tiditit)tiS in iiio, cerebellar bi )psies were

taken from anesthetized rats mounted in a

stereotaxic headholder amid exposed as for

physiological experiments (12, 51). These

samples amid biopsies obtained from the

cerebella of rats within 30 sec of decapitation

showed similar cellular patterns of cAMP

immunofluorescent staining, which differed

from that seen in the long delay postdecapi-

tation samples. In the anesthetized samples

amid brief delay postdecapitation samples,

only 10% to 15 % of Purkinje neurons show

staining, and in these rtactive cells the stain-

big is o)ften (lillY a iittrrow rim of PeriPheral

cytoplasm (1 1 ). In contrast to the niarked

changes iii the frequency and ititensity of

I �urkinjo neurons staining rea(tivity, flu )res-

((hid �Ii the granule cell layer was only

slightly reduced in intensity and showed

es&tiit ially no differemi(es in the (listril)utli)n

of th� st�iitied (lemelits.

�fh expos(d eerei)ellar cortex of the tines-

thetized rat then was used as a �)hysiological

j)t�e9tui’tttiOti to test the actiotis of aj)plied

ilcuro)hormo )ti(5 and synaptic l)at liway stirn-

ulat ion 0 iii t lie imnuinofluorescent staining

j)atterns for cA)oIP (95). After topical aj)pli-

(tit it )ii ( )f mu)i(l)iii(l)hii�iIi( ( 10 t o 100 a \ I ),

but not after exposure to extremely high

concentrations of other transmitter sub-

stttii((5 �vhichi ttlS() slow Purkinje neuron (us-

charge (table 3) , fli( )st Purkinje tieuroiis

sln��ed highly positive in�munoreactivity for

� :\I I � . Lo��r (� )Iie(Iit tat li)iiS ( )f ito )repimie�)ii-

m�itie (1 �i)o1) (lid not Viel(l significant differ-

(ti((S iii staining patt(rIi from (omit mIs.

Saflipl(s taktii during aetivatkn of thie nor-

adren(rgic inhibitory pathi��a� from locus

c( )emuleus als( ) exhiib)ited a siniilamlv high

frequency of mca(tive Purkinje cells, hut this

incr(ase ��as not ol)served i�hemi the dcc-

trode Wtis inserted in the locus coeruleus amid

not electrically tictivated or ��heti the locus

eoeruleus was stimulated in animals in which

thw cerebellar nomadrenergic inmiervatitin had

been destroyed by prior treatment with 6-by-

droxydopaniine (see 95; �tiid table 3). The

in�n�unofluorescent histochemical techtiique

thus provide(l evidence that the cA\IP of

Purkinje ((115 increases in response to nor-

(l)iti(l)11t�i1i( (INE) or stiniulation of the locus
coeruleus, direct ly supporting time theory

that the ilihil)itory nomadrenergic resi)onse is

mediated 1)y (yclic AMP.

The specific cellular staining patterns timid

discrete itit racellular changes which f )ll( w

selective chemical activations in neurons and

lyn�phoeytes suggests that intracellular or

intercellular translocat ion may be prevented

l)�o (A�\lP binding proteins (21a, 41, 44,

11 itt). In preliminary experiments, other
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localizing �)mostaglandins by immunofluores-

cence (see 84) are in progress. Studies with

histamine and the catecholamines would be

of particular interest but the preparation of

antibodies with appropriate specificity poses

serious technical problems. In order to obtain

antibodies to small molecules such as his-

16 tamine, it is necessary to conjugate them
14 covalently to protein. Conjugation is
70� achieved easily through the amino nitrogen

�* on the aliphatic side chain of histamine but

20 if a simple amide bond is formed with protein
15 carboxyl groups, the amino nitrogen will be
21 uncharged and the antibodies obtained will
20 bind more readily to histidvi residues on

74* proteins than to histamine itself. Conjuga-

12 tion is possible through the imidazole ring of
18 histamine but again this would so alter the
16 structure of the immunogen that the anti-

- i)Od�V would not recognize free histamine. A

method that might be successful would be to

conjugate through the carboxylate group of

histidine leaving both the amino and the

imidazole groups or the molecule unsubsti-

t uted . Another possible approach would be

(OIij ugation through the aliphatic amino

group with glutaraldehyde followed by re-

duction to create a positive charged sec-

ondary amino group (simulating the charged

group of histamine) . Even assuming anti-

bodies to histamine can be obtained, be-

cause of its small molecular size, if histamine

were bound to a receptor, the remaining area

of the molecule might be too small to permit

effective I)inding with antibody. \Vith cate-

cholamines, similar problems in preparmg

antibodies of suitable specificity and possible

difficulties in obtaining effective interaction

��itFi tissue bound hormone can be assumed.

However, we7 have succeeded recently in

obtaining antibodies with weak binding

affinity for epinephrine so it seems likely the

problem of obtaining the necessary anti-

bodies can be solved. Xonetheless, alterna-

tive approaches to tissue localization may

still he needed. Aside from the obvious ap-

proach of using labeled catecholamines or
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C. W. Parker: Unpublished observations.

TABLE 3

Chaiige.s iii proportion of cerebellar 1�urkmnje cells

.sh 0U�i tog it?, ?fl 04 11oreact vity for c_I lIP after

Various treatments in l’iV() (see 9t5)

Topical applications

Ringer’s SolUtion

Norepinephrine 1 X 106 M
Norepinephrine 1 X 1O� M
Norepinephrine I X 1O� M
Norepinephrine 1 X lO-� M

-y-Aminobutyrate 2 X lO�� M
L-(3ycine 1 X 10� M
Serotonin 1 X ltJ4 M
Histamine 1 X lO� i\I

Electrical stimulations

Locus coeruleus

Id)C115 coeruleus (after 6-OII1)A)

Locus coeruleus-sham

14)dus coeruleus, adj acent brain

* P < 001.

neuronal fliOddIs have beemi investigated to

determine the cellular pattern of cAMP

immunofluorescent staining after stimulation

wit h cate(holamines . In isolat ed pineal cx-

plants, (X pOsUre to norepinephrine produces

marked increases in pinealocyte staining, hut

not in i)lOOd vessels.#{176} In slices of bovine

sympat bet ic ganghia , exposure to dopamine

(59) produces marked staining of ganglio-

neuron cytoplasmic staining, but does not in-

fluence staining is satellite glia, blood yes-

sels, or fibrohlasts.6 Thus this methodology

appears capable of analyzing the sites in

which cAMP and perhaps other small mol-

ecules may participate in mt erneuronal

chemical communication.

Localization of Oilier Small Molecules by

1mm unocytoeliemistry. It is att ra(tiv( to

speculate that immunofluorescenee locahiza-

tion techniques might be extended to small

molecular weight substances other than

cAMP. Antibodies are already available to

prostaglandins and preliminary attempts at

F. E Bloom, E. F. Bat tenberg and F. Klein:
Unpublished observations.

6 F. E. Bloom, E F. Bat tenherg, J. W

Kebabiati and P. (reengard: Unpublished obser-
vat ions.
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histamine for radioautographic studies

( which, however, has serious problems in

interpretation) , the use of hormone-protein

conjugates (coupled so as to retain affinity

for tissue receptors) might be considered.

The hormone-protein conj ugates could he

radiolabeled and localized in tissue by radio-

autography or by their ability to interact

with fluoresceinated antibody specific either

for the protein or the hormone.

Conclusions

Immunocytological methods have heeti

profitably employed as specific stains for

identifiable tissue antigens. Large macro-

molecules which resist translocation and

contain sufficient antigenic determinants to

retain antigenicity during chemical fixation

have been localized most successfully. If

employed as haptense to raise specific anti-

sera, smaller molecular metabohites may also

be localized within cells by immunological

techniques, providing methods are used to

restrict their diffusion within the tissue see-

tions. Ultrastructural immunocytological cx-

periments have been successful in analyzing

the distribution of protein receptors on the

surfaces of cells in suspension and in the

intracellular synt hesis of immunoglobuhins.

Increased collaborative efforts 1)etween im-

munologists aiid histochemists may be e�-

pected to continue this growing trend toward

the biological synthesis and application of

specific immunohistochemical reagents.
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