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Does the kallikrein-like enzyme gene 
family code for a group of peptide 
hormone-processing enzymes? 

characteristic of particular interest is the 
pH at which these different enzymes 
work most effectively. This pH is usually 
indicative of the pH at which they work 
intracellularly and thus an indication of 
where they may be active intracellularly. 

The cloning of genes which code for a family of kallikrein-like enzymes ma-v provide In some cases the enzymes that have 
a basis for understanding the substrate specijiciry of peptide-processing enzymes. been identified have slightly acidic pH 

The biosynthesis of a peptide hormone 
is a complex process (for review see 
Ref. 1) involving many co- and post- 
translational events, the foremost among 
them being the proteolytic cleavage(s) 
of the larger propeptide hormone to its 
biologically active peptide( In many 
cases, there must be multiple proteolytic 
cleavages to liberate the bioactive pep- 
tide hormones; for example, there are 
12 cleavage sites required to release all 
of the Met- and Leu-enkephalins from 
the proenkephalin A precursor protein’. 

In the majority of cases the proteo- 
lytic cleavages occur at sites directly 
flanking the peptide hormone consisting 
of a pair of amino acids, either lysine or 
arginine, as shown in Fig. 1. Usually the 
carboxy-terminal amino acid in this pair 
is arginine. In a few precursors, such as 
pro-vasopressin/neurophysin and pro- 
somatostatin, one of the proteolytic 
cleavages occurs at a single arginine. 
These endolytic (internal) cleavage(s) 
are then followed by an exolytic (ex- 
ternal) cleavage(s) at the newly created 
carboxy terminus of the peptide hor- 
mone, digesting the single or double 
basic amino acid segment with a carboxy- 
peptidase B-like specificity. 

For many years scientists have been 
studying proteases that may be respons- 
ible for these proteolytic events. In 
general, the classical approach has been 
to make a synthetic substrate analogue 
of the cleavage site in the prohormones 
and use it in an enzymatic assay for 
purification of the enzyme from those 
tissues known to express the prohor- 
mone-processing enzymes. Alternatively, 
natural substrates such as the prohor- 
mones themselves have been synthesized 

or isolated and used for purifying en- 
zymes capable of processing the prohor- 
mone. Using both approaches, many 
different proteolytic enzymes have been 
identified and/or isolated. There appears 
to be no general consensus on the 
characteristics of the enzymes that are 
responsible for these cleavages. but one 

activity optima, suggesting that they 
may be performing their cleavages in 
peptide hormone-containing secretory 
granules which have an internal pH of 
5.540. In other cases the enzymes 
appear to have slightly alkaline pH 
activity optima which may suggest that 
they elicit their proteolytic activity within 

Fig. 1. Model propeptide hormone. Abbreviatiotu: PH = peptide honnone; L = lysine; A = arginke. 

Birth of olfactory neurons 

Lifelong neurogenesis 
Over the past 13 years a steady stream 
of papers on the vertebrate olfactory 
mucosa has issued from the laboratory 
of P. P. C. Graziadei at Florida State 
University in Tallahassee. These reports 
have shown that the olfactory neurons - 
the receptor cells in the nose that sense 
odors and transmit action potentials into 
the olfactory bulb - are continually 
dying and being replaced from a resident 
proliferative population. the basal cells. 
This turnover has been demonstrated in 
all classes of vertebrates, including adult 
mammals. The olfactory system seems 
to be the only place in the mammalian 
nervous system where such spectacular 
neurogenesis and axonogenesis con- 
tinue throughout life. For this reason an 
understanding of the process may ulti- 
mately prove useful to the clinical neuro- 
scientists who would like to be able to 
stimulate regenerative neurogenesis fol- 
lowing central lesions. Such an extension 
of the basic scientific findings is still only 

a hope. and if it is to be realized at all it 
wife and collaborator, G. A. Monti 
standing of the olfactory neuron and its 
differences from others. The unique 
features of this neuron have been the 
subject of Graziadei’s previous work; 
most recently his attention has turned to 
its early development. 

A few years ago Graziadei and his 
wife and collaborator, G. A. Monti 
Graziadei, reviewed the development of 
the olfactory mucosa’. It is a relatively 
simple epithelium with three classes of 
cells: supporting cells, basal cells, and 
neurons. Single pulsed injections of 
tritiated thymidine initially labeled the 
basal cells and a small fraction of the 
supporting cells. When the animals 
were allowed to survive longer the 
labeled nuclei were found progressively 
more superficially in autoradiograms 
and had the cytological characteristics of 
neurons. Eventually, after abot+t 30 
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the Golgi apparatus or condensing 
vacuoles, the immediate precursors to 
secretory granules. It is with this latter 
group of enzymes that several exciting 
new developments have recently arisen. 

For a long time it has been known 
that there is a group of structural pro- 
teases with slightly alkaline pH optima 
which are capable of cleaving endolytic- 
ally at the carboxy-terminal side of an 
arginine residue. These enzymes are 
members of the kallikrein-like enzyme 
family3 which is a subgroup of the larger 
serine protease family, so called because 
the amino acid serine is always involved 
in the catalytic reaction’. Kahikrein itself 
is a kidney enzyme that is responsible 
for cleaving kininogen to kinin, a pep- 
tide that causes vasodilation. But several 
of the kallikrein-like enzymes have also 
been implicated in the processing of 
prohormones to their end-products. 
The best example of this is the proteolytic 
processing of proepidermal growth factor 
(pro-EGF) and pro-p nerve growth 
factor (pro+NGF) by alkaline proteases. 
These proteases by amino acid sequence 
analysis are very homologous and 
enzymatically very similar to kidney 
(often referred to as glandular) kallikrein 
thus making them members of the 
kallikrein-like enzyme family (reviewed 
in Ref. 4). 

A research team at the Australian 
National University in Canberra pre- 
viously reported the finding of an mRNA 
in the submaxillary gland of the mouse 
which would code for a kallikrein-like 
proteir?. Since the submaxillary gland is 
a major site of NGF and EGF synthesis 
in the mouse, it is very possible that the 
product of this gene could be involved 
in processing pro+NGF and/or pro- 
EGF to their component peptides. Of 
greater interest was their use of this 
kallikrein-like cDNA to probe by 
Southern blot analysis the mouse genome 
for the presence of gene sequences 
which would be homologous to this 
cDNA6. They found that not only was 
there a gene which would encode their 
cDNA but, much to their surprise, there 
were in addition 2Q-30 more genes that 
were very homologous to the kallikrein- 
like cDNA that they had isolated from 
the submaxillary gland. They subse- 
quently isolated several of these genes 
and determined their DNA sequence, 
showing them to be at least 75% 
homologous. It should be pointed out 
that although the presence of a gene 
in the genome does not ensure expres- 
sion of that gene and the resultant pro- 
tein product, these genes have all the 
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days. there were no more heavily 
labeled neurons. These results were 
interpreted to mean that the basal cells 
were a resident population of pre- 
sumptive neurons and the neurons that 
they produced had a limited lifetime, of 
about 30 days. It is unknown why these 
particular nerve cells should have such a 
short lifetime; perhaps the exposed 
position that they occupy renders them 
susceptible to damage, and the constant 
neurogenesis is a response to the disap- 
pearance of the longest lived of the 
mature neurons. There is some support 
for this idea from the observation that 
when the mature neurons are killed en 
tnmse (either by chemicals applied to 
the epithelium or by cutting the olfactory 
nerve) the mitotic activity of the basal 
cells increases. 

Once having made its terminal division 
the new neuron sends an axon through 
the olfactory nerve into the olfactory 
bulb. where it forms synapses on the 
dendrites of the mitral cell in an arrange- 
ment called a ‘glomerulus’. visible using 
light microscopy. The olfactory axon is 
surprisingly autonomous and non-selec- 
tive in its synaptogenesis. If the natural 
target - the olfactory bulb - is removed 
in a neonatal mouse, for example. the 
olfactory nerve innervates the spared 
portions of the forebrain and forms 
glomerular synapses in this embryo- 
logically incorrect location. This apparent 
indifference to the identity of its post- 
synaptic partner has been amplified in a 
very recent paper by Monti Graziadei’. 
The bulb was removed from a mouse, 
thus severing the olfactory nerve fibers 
and killing the mature olfactory neurons. 
Then the region of the lesion was packed 
with gel-foam to provide a physical 
block to the entry of the new axons into 
the remaining telencephalon. The basal 
cells produced new neurons as expected. 
but it was anticipated that differentiation 
would be altered by the absence of 
postsynaptic partners. The results indi- 
cated otherwise: even under these con- 
ditions the olfactory marker protein. a 
small immunologically identifiable pro- 
tein found only in olfactory neurons and 
expressed late in their development. 
was detected. Thus, the neuron appears 
to be programmed to grow. differentiate, 
and perhaps to die, independently of 
the formation of postsynaptic contacts. 

These diverse studies demonstrate 
that this is a most unusual neuron but its 
embryonic origins have only recently 
been described. In an anatomical study 
of the early differentiation of the 
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characteristics which would allow for 
normal expression under appropriate 
conditions. 

When comparing the different amino 
acid sequences of the proteins which 
would be derived from these genes, 
several areas were consistently non- 
homologous and several consistently 
homologous. The homologous areas 
were those that had previously been 
shown to be necessary for the protein to 
function as a serine protease’.“. The non- 
homologous areas, on the other hand, 
included those that had been previously 
identified as lining the substrate-binding 
pocket of the enzyme%“, suggesting 
differential substrate specificity. This 
observation raises the exciting possibility 
that this family of enzymes, a group of 
related proteases which have the cap- 
ability of cleaving at arginine residues 
depending on the flanking amino acid 
sequence, may indeed be involved in 
the processing of the many propeptide 
hormones to their end-products. 

In addition to the efforts at purification 
of the enzymes previously mentioned, 
several molecular biologists have now 
become interested in using their tech- 
niques to study this problem. The genes 
for many of the prohormones have been 
isolated, and it is now possible to transfer 
these genes back into cells which do not 
ordinarily express them and see if the 
prohormones are processed properly. 
Indeed, by transferring these genes back 
into tumor cells which express another 
kind of prohormone, such as pro-opio- 
melanocortin in AtT20 cells or proenke- 
phalin A in PC12 cells, it will be possible 
to see if the enzymes in that cell which 
properly process POMC or proenke- 
phalin A are now capable of processing 
in the intact cell the prohormone coding 
for another peptide hormone. Using 
this approach, a research group at the 
University of California, San Francisco, 
recently found that proinsulin appears 
to be processed to insulin-sized mol- 
ecules when expressed in the AtT20 
mouse tumor cells, suggesting that the 
protease which cleave POMC can 
also cleave proinsulin”. 

Although conclusive evidence identi- 
fying the kallikrein-like proteases as a 
major group of enzymes responsible for 
the proteolytic processing of prohor- 
mones to their end-product peptides is 
not yet available, they have many of the 
characteristics which would be required 
of such enzymes. They cleave carboxy 
terminal to arginine residues, are active 
between pH 6.5 and 9.0, exhibit highly 
specific and different substrate speci- 
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ficities, and - as recently confirmed by a 
molecular biological approach - there 
are many of them. 
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Sinistral findings in schizophrenia 

High dopamine in the left amygdala 
While of little immediate practical importance, the quest for the nerrroanatomical 
location of schizophrenic illness has substantial heuristic value. The recent report by 
Gavin Reynolds, from the Cambridge MRC group, that there is gross asymmetry of 
dopamine concentrations in the amygdalae of post-mortem brain from schizophrenic 
patients promises to be a milestone in this process. In itself, the report is nice in its 
simplicity and, taking a broader view it provides the map reader with a triangulation 
point, in company with neuroloRica1 and neuropsychological evidence, to focus 
httention on thk left temporal lobe.- 

Dopamine (DA) has never been far 
from centre stage in aetiopathological 
theories of schizophrenic illness but 
recently seemed to have run out of 
steam. Clinical investigation of central 
DA transmission in unmedicated schizo- 
phrenic patients has largely failed to 
show anything of interest, and results 
from post-mortem neurochemical inves- 
tigations - while demonstrating increased 
DA concentrations and DA receptor 
densities in limbic and striatal regions - 
have been devalued somewhat by dif- 
ferences of opinion as to whether the 
DA receptor abnormalities are due to 
illness or chronic neuroleptic treatment’.3. 
The special relationship of DA with 
schizophrenia has also recently been 
challenged in favour of noradrenaline 
(NA)‘. Reynolds. simply asked whether 
there is an imbalance in DA pr NA 
concentrations between left and right 
amygdalae and caudate nuclei within 
post-mortem schizophrenic brains? This 
approach nicely controls out the compli- 
cating variables of ante-mortem drug 
therapy and post-mortem handling, on 
the reasonable assumption that any such 

influences would be expected to act 
symmetrically. On the basis of results 
from two separate series of brains from 
the Brain Bank the answer is that left 
amygdala from schizophrenic brain 
stands out as having abnormally high 
concentrations of DA. Otherwise the 
results from schizophrenic brain are 
impressively similar to control brain; 
DA concentrations in right amjlgdala 
are normal. DA concentrations in cau- 
date are normal and symmetrical, and 
NA concentrations are normal and sym- 
metrical in both caudate and amygdala. 

This development has not only revived 
flagging interest in DA, it has made 
imperative the re-examination of many 
neurochemical variables in terms of 
laterality, and it has brought post-mortem 
neurochemistry into company with a 
wealth of data from quite unconnected 
disciplines in pointing to disturbance of 
the left temporal lobe in schizophrenia. 
The concept of laterality imbalance in 
schizophrenia dates back at least to the 
1930s in the opinions of Kleist who felt 
that high-order language dysfunction 

conuunul m pege loa 

Fig. 1. Diagrrrm of Ihe olfacrov tlellroepirllrlirrrtl 
wirh irs basic cellular components. Neurorrr (nJ are 
provided wilh ciliu (ci) PI Ihe d&l. bare end of the 
dendriru. Supporting cells (SC) esrend from rJte free 
surface to Ihe brtsrd Iamina mid sepumte the 
newoar. The buwl cells (bc). I+hich hcwe been 
recognized ILT the sum~inul cells of Ihe tlelrrolrr lie 
close IO IJle bawd Iumitu~ and immunrre neurons 
(in) we present in rhe neuroepirJielium ut all rimes. 
Axotrr fur) of rhe receptor neurons leave the 
fielrroepirlielilml IO reuch the olfucro~ bulb wlwre 
they esrnblish svnupric CO~IIUCK wirh rile mitral cell 
dendrires. (Reproduced with kind permission from 
P. P. C. Graziadei.) 

olfactory mucosa in the amphibian 
Xenopus laevic;‘, S. L. Klein and P. P. C. 
Graziadei have shown that the neural 
and non-neural cells in the mature 
olfactory mucosa originate from two cell 
types which are distinguishable by light- 
microscope criteria very early in 
embryogenesis. 

In amphibians, the presumptive neural 
ectoderm is divided into two laminae, 
the inner ‘nervous layer’ and the outer 
‘non-nervous ectoderm’. In the other 
dimension, on the embryo’s surface, the 
neural-plate is divided into three regions: 
the central presumptive neural tube; the 
two flanking strips of neural crest: and 
lateral and anterior to the crest, the U- 
shaped primitive placodal thickening 
(PPT). The latter, certainly the least 
well known of the three. borders the 
somatic ectoderm. As neurulation pro- 
ceeds, parts of the anterior PPT regress 
to leave three placodal thickenings, vis- 
ible as bumps on the embryo’s head. 
The hypophyseal placode is on the mid- 
line; lateral to it are the paired olfactory 
placodes which invaginate to become 
the olfactory pits and mucosae. 

The authors used light and electron 
microscopy (both transmission and 
scanning) to examine closely spaced 
stages, from (Nieuwkoop and Faber) 
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was central to the illness and that the 
source lay in the left temporal lobe. 
Hemispheric imbalance has been implicit 
in the controversial areas of inter- 
hemispheric conductance” and handed- 
ness’ in schizophrenia, but in relation to 
disorder of the left temporal lobe the 
work of Flor-Henry is perhaps best 
known. He and his colleagues have con- 
sistently postulated a dominant hemi- 
sphere temporal dysfunction in schizo- 
phrenic illness, based on extensive 
studies involving tests of language and 
detailed EEG records’. Similar con- 
clusions have been reached by Taylor 
and colleagues who demonstrated left- 
hemisphere disorder on the basis of 
linguistic and motor-perceptual tests”. 
Trimble and his group have re-empha- 
sized and refined the association be- 
tween schizophrenia and temporal lobe 
epilepsy by demonstrating that complex 
partial seizures in the dominant tem- 
poral lobe are associated with schizo- 
phrenic phenomena. including auditory 
hallucinations’. Studies of asymmetry in 
the galvanic skin response (GSR) in 
schizophrenic patients have likewise 
been interpreted to reflect dysfunction 
in deep structures of the left temporal 
lobe”‘. and it may be relevant that 
amygdala lesions have been specifically 
linked to GSR abnormalities in experi- 
ments on primates”. The advent of 
sophisticated radiographic scanning 
techniques has allowed structural analy- 
sis of the brain in siru, and recent com- 
puterized tomography (CT) scan studies 
show a tendency towards left-hemisphere 
abnormality”. left anterior areas in par- 
ticular”. None of these clinical investi- 
gations can point specifically to the 
amygdala but it is in the correct neigh- 
bourhood and is certainly a nodal point 
in limbic-cnrtical communication. 

If dopaminergic transmission is ab- 
normal in the left temporal lobe in 
schizophrenic illness (and the post- 
mortem DA abnormalities cannot really 
be interpreted to distinguish between 
over- or under-activity), it is reasonable 
to ask whether this might reflect a 
primary predisposition to abnormal 
temporal function or an end result of 
such dysfunction. That is at present 
impossible to answer but it would seem 
more likely to be the latter, perhaps a 
consequence of chronic coarse electrical 
disturbance whose origins lie in early 
brain damage. One source of such dam- 
age might be perinatal birth injury 
which has been shown to correlate with 
GSR abnormality and with the likeli- 
hood of breakdown in the offspring of 

schizophrenic mothers - representin, g 

perhaps one of the environmental insult s 

which can provoke frank illness in the c 

genetically predisposed’J. Anothe r 
topical candidate is viral infection’“. 

The trouble, of course, with an asym 
metric abnormality is finding an aetio 
logical model which can allow for th’ e 
production of a lateralized effect 

a Altogether an intriguing jigsaw, and th’ ” 
attraction of the report by Reynolds i S 

not just its consonance with data fron 1 
diverse other sources but also its stimulu S 

to further neurochemical studies o f 
laterality in schizophrenia. 
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othmy nNuon5, C~MII rm m ten 
23, when the placode is still bilaminar, 
to 39, when the olfactory pit has acquired 
its mature characteristics. They exploited 
the initial lamination of the placode. the 
different staining and ultrastructural 
properties of the two cell types, and a 
detailed knowledge of the mature tissue 
in order to infer the developmental 
sequence. 

The first step is the delamination of 
the placode, as the inner cells send 
processes up through the outer layer to 
reach the superficial surface. This apical 
membrane subsequently develops cilia. 
a characteristic of the mature olfactory 
neuron. .From the basal end of these 
same cells, processes extend to become 
the growth cones of the olfactory axons 
which exit the placode to form the 
olfactory nerve and penetrate the sub- 
jacent telencephalon. Throughout the 
time that some of the inner cells are 
developing along the lines just described. 
others remain cuboidal and mitotically 
active at the base of the placode. These 
are the basal cells that continue through- 
out life as the source of new neurons. 
They differ from the better-known 
neuronal precursors. the neuroepithelial 
cells in the neural tube, in that the basal 
cells do not appear to span the epithelium. 

Simultaneously with the differentiation 
and proliferation of the neural cells. the 
cells of the non-nervous ectoderm send 
processes inwards towards the basal 
membrane. but apparently do not reach 
it. None the less the previously bilaminar 
placode has now become unilaminar 
with both dark (neural) and light (non- 
neural) processes found at all levels. 

Fig. 2. Demil OJ he rrercrd pcrr/rn~c~~~ it1 the O&ICIO~I 

bulb. The .se77.~0~ NSO~I.S fcrrl rerrch d7e glomendi 

fg) wiiere they come i/if0 cow7cI ~vir/l d7e dendriric 

brcrrxlres OJ die n7iwrd cells OficJ. Tl7e ~YO,LT OJ rhe 

nrirrol cells Jorn7 d7e lrrertrl oljircro? woc7 (/or). 

gl = St-w& ccl/. (Reproduced with kind pcr- 

mission from P. P. C. Graziadei.) 
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msday llcurms. CmIinucd from pnge ml early in embryogenesis intermingle and 
The light cells continue to occupy most differentiate to produce the neural and 
of the free surface of the epithelium. non-neural cells of the mature olfactory 
They develop domes and microvilli, mucosa. This work has traced the 
characteristic of supporting cells in the development of a unique set of neurons 
adult olfactory mucosa. Some of the light and provides a clear case of the early 
cells continue to proliferate, thus provid- establishment of two cellular lineages in 
ing for turnover of the supporting cells. a sensory receptor. 

In summary, two cell types which 
appear quite different from one another 
and are segregated into different laminae 
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The importance of vasopressin in memory 
SIR: 

Gash and Thomas’ do not really address 
the points raised in my recent letter to 
the Editor (TINS, March 1984)’ when 
they question the use of Brattleboro rats 
as proper controls. They even admit 
that the results they obtained depended 
on the batch of animals used. 

The inconsistent effects on avoidance 
behavior may indeed be related to the 
conditions of the experiment. All experi- 
ments should be carried out under strictly 
controlled conditions: this holds for bio- 
chemical, pharmacological and also for 
behavioral experiments. According to 
Gash and Thomas, this seems to com- 
promise and probably invalidates the 
conclusions. 

Gash and Thomas may be right in 
questioning the term ‘memory’, if 
indeed the effect of vasopressin and 
related peptides can be shown in avers- 
ively motivated responses only. We 
originally used the term ‘resistance to 
extinction of active and passive avoid- 
ance behavior’. However, after many 
years of research on vasopressin we 
decided to use the term ‘memory pro- 
cesses’. We did this because, as stated in 
my letter’, vasopressin and related pep- 
tides had effects which corroborated the 
thesis that these peptides affected 
memory processes. 

Gash and Thomas reject these argu- 
ments because some studies have not 
been independently confirmed. How- 

ever. the thesis on which our concept is 
based is derived from a number of other 
studies performed by us and by others. I 
consider that vasopressin modulates 
memory processes because it has a long- 
term effect. the influence is time depen- 
dent, and it has an anti-amnesic effect. 

In a recent letter to Nature my col- 
leagues and I discuss peripheral versus 
central effects of vasopressin3. 
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