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ABSTRACT

Synapse development and injury-induced reorganization in the nervous system have
been extensively characterized morphologically, although, relatively ﬁtde is known
regarding the molecular and biochemical events that underlie these processes. In an attempt
to better understand, at the molecular level, the role of the expression of synaptic proteins
during synapse establishment and regeneration, this dissertation examines the dynamics of
expression of the neuron-spéciﬁc gene synapsin I during development and in response to
selective lesions of the rat central nervous system. Synapsin I is the best characterized
member of a family of nerve-terminal specific phosphoproteins implicated in the regulation
of neurotransmitter release. During development, the expression of synapsin I correlates
temporally and topographically with synapse formation, and recent physiological studies by
Lu et al., (1992) have suggested that synapsin I may participate in the functional maturation
of synapses. To better understand the temporal relationship between synapsin I gene
expression and particular cellular events during development, we have used in situ
hybridization histochemistry to iocalize synapsin I mRNA in the rat central and peripheral
nervous systems throughout embryonic and postnatal development, and into the adult
period.

During development, from the earliest embryonic time point examined (E12), the
expression of the synapsin I gene was detectable in both the rat central and peripheral
nervous systems. While, in general, levels of synapsin I mRNAs were high in utero,
synapsin I cDNA probes revealed specific patterns of hybridization in different regions of
the embryonic nervous system. To precisely determine the temporal onset of expression of
the synapsin I gene during neuronal development, we examined in detail the appearance of
synapsin I mRNA during the well characterized postnatal development of the cerebellum
and hippocampus. In both regions, the onset of synapsin I gene expression correlated with

the period of stem cell commitment to terminal differentiation. In a second phase, in accord



with prior analyses, synapsin I gene expression increases to a maximum for a given
neuronal population during synapse formation.

In the adult rat brain, our data demonstrates a widespread yet regionally variable
pattern of expression of synapsin I mRNA similar to that seen at earﬁcr time points, with
noteworthy exceptions. The greatest abundance of synapsin I mRNA was found in the
pyramidal neurons of the CA3 and CA4 fields of the hippocampus, and in the mitral and
internal granular cell layers of the olfactory bulb. Other areas abundant in synapsin I
mRNA were the layer II neurons of the piriform and entorhinal cortices, the granule cell
neurons of the dentate gyrus, the pyramidal neurons of hippocampal fields CA1l and CA2,
and the cells of the parasubiculum. In general, the pattern of expression of synapsin I
mRNA paralleled those encoding other synaptic terminal-specific proteins, such as
synaptophysin, VAMP-2, and SNAP-25. Then, to determine specifically how synapsin I
mRNA levels are related to levels of synapsin I protein in the adult rat brain, we employed
in situ hybridization histochemistry and immunohistochemistry to examine in detail the
local distribution of both synapsin I mRNA and protein in the hippocampus. In short,
these data revealed differential levels of expression of synapsin I mRNA and protein within
defined synaptic circuits of the rat hippocampus. Based on these data we hypothesized that
locally high levels of synapsin I mRNA in neuronal somata may reflect the ability of the
nervous system to respond to select enviromental stimuli and/or injury by producing long-
term changes in synaptic circuitry.

To test this hypothesis and to better understand the regulation and putative role of
synapsin I gene expression in the development of functional synapses in the central
nervous system, we first examined the developmental pattern of expression of the synapsin
I gene in dentate granule neurons of the dentate gyrus and their accompaning mossy fibers
during the main period of synaptogenic differentiation in the rat hippocampus. The results
of these studies indicate a significant difference between the temporal expression of

synapsin I mRNA in dentate granule cell somata and the appearence of protein in their



mossy fiber terminals during the postnatal development of these neurons. Next, to
investigate the regulation and putative role of synapsin I gene expression during the
restoration of synaptic contacts in the central nervous system, we examined the expression
of the synapsin I mRNA and protein following lesions of hippocampal circuitry. These
studies show marked changes in the pattern and intensity of synapsin I immunoreactivity in
the dendritic fields of dentate granule cell neurons following perforant pathway transection.
In contrast, changes in synapsin I mRNA expression in target neurons, and in those
neurons responsible for the reinnervation of this region of the hippocampus, were not
found to accompany new synapse formation.

On a molecular level, both developmental and lesion data suggest that the
expression of the synapsin I gene is tightly regulated in the central nervous system, and that
considerable changes in synapsin I protein may occur in neurons without concommitant
changes in the levels of its mRNA. From a functional standpoint, our results suggest that
the appearance of detectable levels of synapsin I protein in developing and sprouting
synapses does not reflect simply synaptogenesis, but coincides with the acquisition of

function by those central synapses.
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Chapter 1

INTRODUCTION

Overview

Behavioral and clinical data from throughout the animal kingdom have implicated
the hippocampal region of the brain in the establishment and maintenance of memory. This
region within the medial temporal lobe of the cerebral cortex has been extensively studied in
mammals, from rodents to primates, and is known to be involved neuropathologically in
diseases that include a clinical spectrum of memory, behavioral, and cognitive dysfunction
(e.g. Alzheimer's Disease (AD)). On a physiological and cellular level, it is generally
accepted that neurons in the hippocampus can reorganize their synaptic connections to
produce long-term changes in synaptic circuitry in response to pathological perturbations of
local circuitry similar to those seen in AD, and in response to injury (reactive
synaptogenesis) and/or select environmental stimuli. Reorganization occurs as surviving
afferent systems innervating the afflicted zone direct local growth responses in an attempt to
recapture and replace lost synaptic connections and, thereby, maintain synaptic density.
Denervating lesions of the rat hippocampal formation have provided a model system
suitable for the study of morphological and functional plasticity after injury. The process
of reactive synaptogenesis has been extensively characterized in this system by several
physiological and many morphological studies of the hippocampal region, although, to date
relatively little is known regarding the molecular and biochemical events that underlie the
sprouting response.

One of the main goals of the research described in this dissertation is to gain an
understanding of the molecular events that are associated with and/or regulate the

establishment and regeneration of synapses in the central nervous system (CNS).
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Recently, data from our laboratory and the laboratories of others have characterized the
nerve terminal-specific protein synapsin I as a marker of severe focal synaptic loss in the
hippocampus of patients with AD (Perdahl et al., 1984; Hamos et al., 1988). Further
study of this region employing more quantitative immunohistochemical methodologies
suggested that synapsin I immunoreactivity may in fact be used as a sensitive indicator of
neuronal sprouting during the reinnervation of the hippocampus by surviving afferent
systems (J.E. Hamos, personal communication). Thus, to better understand the adaptive
properties and parameters of Synaptic reorganization, I have examined the expression of the
synapsin I gene during development and following lesioned-induced reinnervation of the

rat hippocampus.

The Hippocampal Formation: A Model for Synaptic Plasticity

In order to study the functional anatomy of the hippocampal region or hippocampal
"formation" and its ability to undergo extensive remodelling during reactive
synaptogenesis, it is first necessary to describe the normal circuitry of the region. The
anatomy and cytoarchitecture of the hippocampal region have been studied extensively
using Golgi (Cajal, 1911; Lorente de No, 1934), lesion (Blackstad, 1956, 1958; Raisman
et al., 1965, 1966; Hjorth-Simonsen, 1972, 1973), physiologic transport (Swanson and
Cowan, 1975, 1976, 1977; Steward, 1976; Meibach and Siegal, 1977a,b), and axonal
tracing methods (Swanson et al., 1981). These studies have culminated in a detailed map
of the hippocampal region, its efferent projections and incoming afferent fiber systems. In
man, the hippocampal region extends along the floor of the temporal horn of the lateral
ventricle and is considered a gyrus of the allocortex. In rodents, this region occupies most
of the ventroposterior and ventrolateral walls of the cerebral cortex. It extends beneath the
corpus callosum from the posterior level of the septal nuclei, anteriorly, to the level of the

splenium, posteriorly. The organization of the hippocampal region is more simple than that

of the neocortex. It is principally composed of three main structures: (1) the hippocampus




(the CA1-CAA4 fields of Ammon's horn), (2) the dentate gyrus, and (3) the cortical areas
collectively referred to as the subiculum and entorhinal cortex (Figure 1).

Let us focus on the hippocampus proper (including the dentate gyrus) and its
afferent and efferent connections. The hippocampus is a U-shaped fold of cortex which
may be subdivided into four distinct fields running along its length. They are referred to as
the CA1, CA2, CA3, and CA4 fields of Ammon's horn as described by Lorente de No
(1934). These fields extend from the area adjacent to the prosubliculum (most lateral aspect

of the subicular complex) to the hilus of the dentate gyrus. The most remarkable cellular

] elements of this region of the hippocampus are the layered pyramidal cells stacked 3-5 cell
O layers deep formally named as cells of the stratum pyramidale. Hippocampal field CAlisa
field of tightly packed medium-sized cells divided into three zones, a, b,andc. Zone ais

the region adjacent to the prosubiculum where scattered deep cells extend beneath the
superfical packed pyramidal neurons (Bayer, 1985). Immediately following are zones b
and c, distinguishable only by fiber-staining preparations. Hippocampal field CA2 is
composed of a tightly packed narrow band of pyramidal neurons adjacent to CA1, itself
soley distinguishable by the absence of characteristic spiny thorns of the proximal spical
dendrites. Pyramidal cells of hippocampal field CA3 are divided into three zones (a, b, and
¢) based on the number of Schaffer collaterals supplied by each of these regions. The three
regions are indistinguishable in standard Nissal preparations, however, it is important to
note that CA3c pyramidal neurons lie partly within the hilar region of the dentate gytus,
. ; their boundry marked by establishing a perpendicular from the tip of the lateral blade of the
] dentate gyrus to the medial blade.

The cells of hippocampal fields CA1-CA4 direct sets of axon collaterals towards
both intra- and extra-hippocampal targets. For example, neurons of fields CAl, CA2, and
CA3 each may send a bifurcated axon collateral out the fimbria-fornix toward extra-

hippocampal targets. At the same time, the same CA1 and CA3 neurons may extend

collateral axons within the hippocampus, CA1 toward the subicular complex, and CA3
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Figure 1. A horizontal section of the hippocampal region in an adult rat brain to
identify all major anatomical subdivisions. Amn, Ammon's horn; CA1-CA3, field
CA1-CA3 pyramidal cells, each divided into a, b, and ¢ subdivisions; DG, dentate
gyrus; Ect, ectal limb of the granule cell layer of the dentate gyrus; End, endal limb;
Entl, EntL, EntM, intermediate, lateral, and medial subdivisions, respectively, of
the entorhinal cortex; fi, fimbria; h, hilus of the dentate gyrus (also referred to as
CA4); LMlo, lacunosum moleculare layer; Mol, molecular layer of subiculum; Or,

oriens layer; PaS, parasubiculum; Pros, prosubiculum; PrS, presubiculum; Py,

pyramidal layer; Rad, radiatum layer; RF, rhinal fissure.
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Adapted from: Bayer S.A. (1985) Hippocampal Region.

The Rat Nervous System (ed. Paxinos G.) Vol. 1. p.336
Academic Press, New York.
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more locally, via the Schaffer Collateral pathway toward the lacunosum moleculare (a deep
aspect of the CA1 and CA2 cells dendritic field).

The cells of the stratum pyramidale extend two sets of dendritic arborizations. They
direct apical dendrites inward toward the infiltrating hippocampal ﬁsSurc, terminating in the
stratum radiatum and lacunosum moleculare, and they send basal dendrites outward toward
the ventricular surface of the hippocampus, terminating in the stratum oriens. There are
two types of afferents which terminate on these dendritic fields. The first type of afferents
terminate diffusely over the entire dendritic surface of the neurons of Ammon's horn.
These afferents originate from cells of extra-hippocampal origin such as the midbrain raphe
nuclei (Conrad et al., 1974; Storm-Mathisen and Guldberg, 1974; Moore and Halaris,
1975), the locus coeruleus (Fuxe, 1965; Blackstad et al., 1967; Storm-Mathisen and
Guldberg, 1974; Jones and Moore, 1977), and the medial septal-diagonal band complex
(Lewis and Shute, 1967; Mellgren and Srebro, 1973; Swanson and Cowen, 1976; Meibach
and Siegel, 1977). The second set of afferents terminate in specific laminae along defined
segments of either apical or basal dendrites of CA pyramids. These afferents come from a
variety of sources. Of particular interest are the afferents arising from (1) the cells of the
medial and lateral aspects of the entorhinal cortex, via the medial and lateral perforant
pathways, respectively, and (2) cells of hippocampal origin such as the dentate granule
cells of the dentate gyrus. The lacunosum moleculare layer of pyramidal fields CAl and
CA3 receives a sparse, laminated topographic projection from cells of the entorhinal cortex.
Proximal apical dendrites in the stratum lucidum of CA3 pyramids contain thick spiny
thorns, which receive a strictly ipsilateral input from the axons of dentate granule cells
termed "mossy fibers" (Cajal, 1911; Lorente dé No, 1934; Blackstad et al., 1970;
Gaarslgjacr, 1978).

The dentate gyrus accompanies the hippocampus as a narrow band of sharply
folded cortex forming a cap over the medial edge of Ammon's homn, with the fimbria above

and the hippocampal fissure below (Bayer, 1985). The transitional area between the



dentate gyrus and the cells of Ammon's horn is the hilar region of the dentate gyrus, termed
CA4 by Lorento de No (1934). The hilar region contains a scattered array of large,
polymorphic modified pyramidal neurons, whosc proximal dendritic arbors are covered by
thomny spines, typical of a cell receiving input from a mossy fiber (sée above). Axons from
these neurons send bifurcated collaterals to extrahippocampal targets via the fimbria and,
within the hippocampus, to the inner aspects of the dendritic field of dentate granule
neurons (the commisural and associational (C/A) projection, see below and Figure 1.1).
The dentate granule cell layer of the hippocampus is divided into three regions. The
most superficial blade of the dentate gyrus is termed the ectal wing, the medial blade is
termed the endal wing. Between the two lies the crest or vertex of the dentate gyrus. The
dentate gyrus cell layer contains densely packed spherical granule cells (4-10 cell layers
deep) which give rise to mossy fiber axons which terminate locally upon the proximal
dendrites of hilar neurons and the CA3 cells of the stratum pyramidale (Amaral, 1978).
Dendritic arborizations of the dentate granule cells ramify in a dense synaptic plexus in the
molecular layer of the dentate gyrus, delineated from the subiculum and Ammon'’s homn by
the fold of the hippocampal fissure. The afferents onto dendrites of the dentate granule
cells arise from 3 principle sources: (1) the entorhinal cortex, (2) the medial septal
nucleus, and (3) the CA4 field pyramidal neurons of the hippocampus (Figures 1.1 and
2A). Laminated afferents arise almost entirely from the layer II stellate cells located in the
medial and lateral entorhinal cortex. These afferents project primarily ipsilaterally, via the
perforant pathway, to the outer two-thirds of the molecular layer of the dentate gyrus
(referred to as the Middle and Outer Molecular Layers, MML and OML, respectively)
(Cajal, 1911; Blackstad, 1958; Raisman et al., 1965; Hjorth-Simonsen, 1972; Hjorth-
Simonsen and Jeune, 1972; Steward, 1976; Steward and Scoville, 1976). The ipsilateral
entorhinal afferents represent a massive input to the dentate granule cells, comprising
approximately 90% of the synapses on distal dendrites of granule neurons (Steward and
Vinsant, 1983), and 60%-70% of their total dendritic input (Desmond and Levy, 1982).



Figure 1.1, Schematic cross-section through the hippocampus and dentate gyrus

depicting the normal projection of extrinsic and intrinsic fiber systems within the rat

hippocampus. CTD; crossed temporodentate pathway
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Layer II stellate neurons of the contralateral entorhinal cortex have a sparse input to the
OML of the dentate gyrus, synapsing in this region via the crossed temporo-dentate
pathway (CTD; Goldowitz et al., 1975). Just below the terminal zone of the entorhinal
cortex lies a band which contains both commissural (Blackstad, 1956; Laatsch and Cowan,
1967; Hjorth-Simonsen, 1977) and associational (Raisman et al., 1965; Hjorth-Simonsen,
1973) afferents. These afferents arise from cells of the contralateral and ipsilateral CA4
fields (C/A projection) (Gottlieb and Cowan, 1973; Fricke and Cowan, 1978; Swanson et
al., 1981; Laurberg, 1979; Laurberg and Sorensen, 1981), and represent approximately
20%-30% of total input onto dendrites of the dentate granule cells.

Diffuse afferents to the dentate granule cells arise from cells in the brain-stem raphe
nuclei, locus coeruleus, and medial septal nuclei (Fuxe, 1965; Raisman, 1966; Blackstad et
al., 1967 Lewis and Shute, 1967; Melgren and Srebro, 1973; Conrad et al., 1974; Storm-
Mathisen and Guldberg, 1974; Moore and Halaris, 1975; Swanson and Cowan, 1976;
Jones and Moore, 1977; Meibach and Siegel, 1977). Of these three, the most significant
input comes from cells in the medial septum. These cells send sparsé afferents ipsilaterally,
onto dendrites in the MML and OML of the dentate and more concentrated afferents (10%-
20% of total input onto dendrites of the dentate granule cells) onto dendrites in the
innermost one-sixth of the molecular layer of the dentate gyrus (the supragranular zone).
These cells, however, do not project afferents to the zone immediately superficial to the
innermost one-sixth of the molecular layer of the dentate gyrus, the field occupied by both

the commissural and associational fiber afferents discussed above.

Neuronal Sprouting in the Hippocampal Formation
It is widely accepted that the central nervous system can modify its synaptic
organization in response to specific CNS insults, i.e., injury-induced denervation of target
neurons. One of the best studied example of synaptic reorganization after injury to the

CNS is that which occurs in the dentate gyrus following damage to the projections from the




entorhinal cortex (EC). The EC provides the major source of efferent input (via the
perforant path) onto the granule cell neurons of the dentate gyrus, synapsing in the outer
two-thirds of its dendritic layer. As this input projects primarily in an ipsilateral fashion, an
electrolytic lesion (ablation) of the EC results in the selective deafferéntation of granule cell
neurons in the ipsilateral dentate gyrus, resulting in a net loss of >85% of synapses on
distal dendrites and approximately 60%-70% of the total synaptic input to these neurons
(Mathews et al., 1976). Reorganization occurs when remaining undamaged afferent
systems direct local growth reéponscs (reactive synaptogenesis) in an attempt to reinnervate
the dendritic fields of the dentate granule cell neurons (for reviews, see Cotman and
Nadler, 1978; Cotman and Neito-Sampedro, 1985). In these areas, synapse replacement
is achieved by the selective sprouting of residual inputs originating from neurons located in
both the contralateral and ipsilateral hippocampal field CA4, layer II of the contralateral
entorhinal cortex, and in the ipsilateral medial septal nucleus (Figure 2A,B).

Crossed Enterodentate Sprouting

The contralateral entorhinal cortex has been shown to project sparse inputs, via the
crossed perforant pathway, into the OML of the dentate gyrus in normal rats (Goldowitz et
al., 1975). In response to unilateral entorhinal cortex ablation, the undamaged fibers of
this pathway have been shown to sprout and establish extensive connectional
reorganization in the deafferented zone (Steward et al., 1973, 1974, 1976; Steward, 1976).
Functionally, electrophysiological (Steward et al., 1973; Reeves and Smith, 1987; Reeves
and Steward, 1988) and behavioral (Steward et al, 1973; Steward, 1976; Loeshe and
Steward, 1977; Scheff and Cotman, 1977) studies have demonstrated that neuronal
sprouting in the molecular layer of the dentate gyrus is important for the recovery of
neuronal activity and of learned alternation behavior. Secondary lesion studies have
confirmed that the reinnervation shown to be physiologically and behaviorally significant,

originates in the contralateral entorhinal cortex, and it has thus been postulated that this



region plays a pivotal role in the recovery of the functional anatomy of the hippocampal
region (Loeshe and Steward, 1977; Scheff and Cotman, 1977).

Septal Sprouting

Cholinergic afferents from the medial septum normally project in a diffuse array
ipsilaterally, to the MML and OML of the dentate gyrus, and more densely to the
supragranular zone, the zone of synapses immediately above the granule cell layer. In the
normal brain, afferents in the MML and OML of the dentate gyrus, easily detectable with a
histochemical stain for Acetylcholinesterase (AchE; Hedreen, 1985), reveal a light,
homogenous pattern of staining. Upon unilateral entorhinal cortex ablation however, these
afferents exhibit very dark, dense staining deposits in the MML ipsilateral to lesion (Lynch
et al., 1972; Mosko et al., 1973). Confirmed by direct biochemical (Nadler et al., 1973),
lesion (Cotman et al., 1973; Nadler et al., 1977) and tract tracing (Meibach and Siegal,
1977) analyses, this pattern of staining is indicative of the intense sprouting of cholinergic
afferents originating in ipsilateral medial septal neurons. Interestingly, sprouting of
cholinergic fibers is excluded from the region just above the supragranular zone, the region
which receives glutaminergic afferents principally from cells of the contralateral and
ipsilateral CA4 field of the hippocampus (Cotman et al,, 1973).

Fantie and Goddard (1982) have shown that stimulation of the medial septum
enhances excitatory input in the hippocampus, and that when this stimulus is paired with
stimulation from the ipsilateral perforant pathway, it produces an augmentation of the
entorhinal evoked dentate field potential. Thus, it is postulated that during synaptic
rearrangement and sprouting following unilateral entorhinal lesion, the sprouted septal
inputs may act by selectively enhancing the remaining excitatory inputs to the dentate

granule cell neurons.



Commissural and associational (C/A) afferents to the dentate gyrus arise from cells
of the contralateral and ipsilateral CA4 field, fespecﬁvely. Normally, these afferents reside
in the inner one-third of the molecular layer of the dentate gyrus (IML). Following
entorhinal cortex ablation these afferents have been shown to sprout and expand their
terminal fields outward into the MML by as much as 130%-140% of their control values
(Lynch et al., 1976, 1977; Scheff et al., 1977; Zimmer, 1973). This expansion of the C/A
fiber plexus can be monitoredr directly by various methods, including silver staining
(Zimmer, 1973; Gall and Lynch, 1981) and HRP transport (Lynch et al., 1976).
Autoradiographic visualization of sprouting commissural and associational fibers can be
monitored indirectly by measuring the density of kainic acid (KA; a glutamate analogue)
receptors in the deafferented zone. Receptors for KA appear to be selectively concentrated
within the C/A pathway, and evidence from several studies has suggested that lesion-
induced expansion of the C/A fiber system is paralled by an expanded distribution of KA
receptors (Cotman and Nadler, 1981; Foster et al., 1981; Monaghan and Cotman, 1982;
Berger and Ben-Ari, 1983; Geddes et al., 1985).

From a physiological standpoint, commissural synapses formed in the deafferented
zone appear functional after 15 days following unilateral entorhinal cortex ablation,
corresponding to the outgrowth of the commissural/associational fiber plexus (Cotman and
Anderson, 1988). Studies measuring latency potentials produced by commissural
stimulation suggest that the C/A fiber afferents may influence ipsilateral granule cell

activity, possibly serving to amplify signals through this recurrent loop (West et al., 1975).

Neuronal Sprouting in Alzheimer's Disease
It is well established that the hippocampal formation plays a major role in the
formation and storage of memory. Alzheimer's Disease (AD) has been characterized as a

disease of neuronal deterioration associated with a classical dysfunction of memory, as well
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as behavior and cognitive function. Studies on brain tissues obtained postmortem from
patients with AD have demonstrated specific and focal cell loss in specific areas of the
limbic system, most notably the layer II stellate cells of the entorhinal cortex (the major
projection neurons of the entorhinal cortex) and pyramidal cells of tﬁe subiculum. As in the
rodent, axons of layer II neurons of the human entorhinal cortex comprise the perforant
pathway, the major source of input to the dentate granule cells of the hippocampal
formation. It has been suggested that one of the earliest neuropathologies to appear in AD
is the selective loss of neuroné in the entorhinal cortex (Hyman et al., 1984; Pearson, 1985;
Hamos et al., 1988; Hansen et al., 1988; Lippa et al,, 1992). This loss results in the
selective deafferentation of neurons of the dentate gyrus, isolating the hippocampal
formation from its major source of input.

Superficially, the deafferentation that occurs in AD is somewhat analogous to that
produced in experimental animals in which the dentate gyrus is deafferented by a specific
entorhinal cortex lesions. In the rat entorhinal cortex lesion model, in response to
deafferentation, the molecular layer of the dentate undergoes a massive reorganization of its
afferent fiber systems. Evidence for the reinnervation and connectional reorganization of
the molecular layer of the dentate gyrus in patients with AD has been reported (Geddes et
al., 1985; Hyman et al., 1986; Gertz et al., 1987) . These data demonstrate that the human
CNS is capable of growth responses in AD analogous to those seen in the experimental

rodent model of neuroplasticity. .

Septal Sprouting
The use of AchE activity as a marker for sprouting of cholinergic afferents in AD is
often precluded by the fact that significant losses of basal forebrain cholinergic neurons
occur in patients with AD (Davies and Maloney, 1976; Whitehouse et al., 1981, 1982a,b;
Rossor et al., 1982; Tagliavani and Pilleri, 1983; Wilcock et al., 1983; Mann et al., 1984;

Doucette et al., 1986; Rasool et al., 1986). However, several studies have shown
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intensification of AchE activity in the MML and OML of the dentate in AD brains which
exhibited entorhinal and subicular neuronal losses without corresponding basal forebrain
losses (Geddes et al., 1985; Hyman et al., 1986). It is important to stress that this staining
pattern was present only in those brains in which significant cholincfgic input to the
hippocampus was present. Further, in these same brains, AchE-positive plaques were
identified in the denervated neuropil of the dentate gyrus, which is consistant with an
aberrant sprouting response in this region (Geddes et al., 1985; Cotman and Anderson,
1988). |

Ultrastructural studies quantitating dentate granule cell synaptic spine density in
brains of patients with senile dementia of Alzheimer’s type (SDAT) suggest a maintenence
of synaptic contacts in the supragranular zone of the dentate molecular layer (Gibson,
1983). In this study the number of spines per 10-iim segment of granule cell apical
dendrite in patients demonstrating significant cell loss within the medial septum and
diagnonal band of Broca were evaluated. In the proximal segments (the supragranular
zone) the spine density differences between SDAT and controls were not statistically
significant. Since one might expect the reduction of neurons in the medial septum to lead to
pronounced reductions in number of spines in their terminal zones, these data support the
notion that replacement of lost cholinergic afferents occurs through the sprouting of

surviving cholinergic neurons.

C . land / :ational Sprouti
Sprouting by the C/A afferents in the hippocampus of patients with AD has been
indirectly measured by examining the distribution of kainic acid (KA) receptors in the outer
leaf of the IML (Cotman and Anderson, 1988). In normal human brain, the pattern and
density of KA binding sites in the molecular layer of the denate gyrus was similar to that
observed in normal rodent brain. In the rat brains, a high density of KA binding sites

occupied the IML, analogous to the zone of innervation of the C/A fiber plexus (Gottlieb
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and Cowan, 1973; Fricke and Cowan, 1978; Swanson et al., 1978; Laurberg, 1979;
Laurberg and Sorensen, 1981). In the brains of AD patients however, this terminal field
region was expanded by 73%, resulting in a zone of reinnervation encompassing
approximately one-half of the molecular layer (ML) of the dentate gyrus. Thus, it appears
that the C/A fibers in the human brain sprout in response to the disease-induced loss of
neurons in the entorhinal cortex.

Additional indirect studies from our laboratory support this hypothesis. Using
immunohistochemistry cmplbying antibodies to synaptic terminal-specific proteins
(synapsin I and synaptophysin) as markers for synaptic input, Hamos et al., (1988)
revealed a striking decrease in synaptic staining in the MML and OML of the dentate gyrus
in AD brains compared with age matched controls, where the density of synaptic terminals
was uniform throughout. This pattern of immunoreactivity is consistent with the loss of
synaptic input in this region from layer II stellate neurons of the entorhinal cortex.
Acéordingly, as discussed above, it is well established that these neurons are dramatically
affected in AD, resulting in loss of as much as 95% of the normal complement of neurons
found in the young adult (Lippa et al., 1992). Interestingly, quantitative densitometric
analyses of synapsin I immunoreativity in the dentate molecular layer of AD brains revealed
a slight increase in synaptic staining in the inner-half of this layer (Hamos et al., 1988).
Further study revealed what appeared to be the expansion of this zone of synaptic staining
into the proximal region of the OML in patients with AD, when compared with control
brains (J.E. Hamos, personal communication). The pattern of expansion and increase in
immunostaining of the IML synaptic region are consistent with those expected with the
occurrence of axonal sprouting of intact connections in the ML, as has been noted during
the process of lesion-induced reactive synaptogenesis in rats with entorhinal lesion (see
above). Taken together with the evidence for C/A and septal sprouting, these data suggest
that the human CNS responds to AD-induced denervation in a fashion similiar to that of an

entorhinal cortex-lesioned rat brain, and that synapsin I immunoreactivity may be usedas a
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sensitive tool for the study of neuronal sprouting during the reinnervation of the central

nervous system.

Synapsin I
Biochemi

Synapsin I is the best characterized member of a family of neuron-specific
phosphoproteins thought to play a fundamental role in the regulation of neurotransmitter
release from the presynaptic nerve terminal. Synapsin I is the collective name for two
nearly identical neuron-specific proteins, synapsin Ia and synapsin Ib, of MW 78 kd and
74 kd, respectively, which are present throughout the central and peripheral nervous
systems (Ueda and Greengard, 1977; De Camilli et al., 1979; 1983a; Goelz et al., 1981;
Huttner et al., 1981; McCaffery and DeGennaro, 1986: Scheibler et al., 1986). Both
proteins have similar amino acid compositions and basic isoelectic points (>10). Synapsin
I polypeptides Ia and Ib differ from one another in the carboxy terminal region of the
peptide by the presence of 45 amino acids in synapsin Ia, compared to 9 in synapsin Ib.
For the purposes of this body of work, I will refer to both synapsin I polypeptides as
synapsin L

Immunohistochemical studies have shown synapsin I to be concentrated within
presynaptic nerve terminals, where it is specifically associated with the cytoplasmic surface
of small (40-60 nm) synaptic vesides (De Camilli et al., 1983a,b; Huttner et al.,1983;
Navone et al., 1984; Schiebler et al., 1986; Benfenati et al., 1989). In vitro, synapsin I
has been shown to bind to synaptic vesicles with high affinity (Kd=10nM), and subsequent
phosphorylation of the protein has been shown to substantially decrease this binding
(Schiebler et al., 1986).

Synapsin I protein consists of two domains, a globular collagenase resistant head
region and an elongated proline-rich tail region (Ueda and Greengard, 1977; McCaffery
and DeGennaro, 1986; Schiebler et al., 1986). Within these domains, the protein appears
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to possess specific regions capable of associating with several components of the
cytoskeleton, including microfilaments, microtubules, spectrin and actin (Baines and
Bennet, 1985; 1986; Bahler and Greengard, 1987; Petrucci and Morrow, 1987; Bahler et
al., 1989; 1990). In fact, synapsin I appears to contain at least two distinct actin-binding
sites that allow synapsin I to bundle actin in vitro (Bahler and Greengard, 1987; Petrucci
and Morrow, 1987; Bahler et al., 1989). Electron microscopy data provide evidence fora
structural role of synapsin I in the presynaptic nerve terminal (Landis, 1988; Landis et al.,
1988; Hirokawa et al., 1989).' These studies suggest that synapsin I forms a fibrillar
connective matrix that links synaptic vesicles to each other and to the cytoskeleton in the
presynaptic nerve terminal. Synapsin I protein also possesses domains which are
prominent cellular targets of several endogenous protein kinases, such as cAMP- and
Ca2*/calmodulin dependent protein kinases (Ueda et al. 1973; Huttner and Greengard,
1979; McGuinness et al. 1985; Nairn and Greengard, 1987). The head domain of
synapsin I has been shown to be phosphorylated on a specific serine residue (amino acid
#42 of the peptide sequence) by either the cAMP-dependent protein kinase (Huttner and
Greengard, 1979) or the Ca2+/Calmodulin-dependent protein kinase I (Kennedy and
Greengard, 1981). In the tail domain of synapsin I, Ca2+/Calmodulin-dependent protein
kinase II has been shown to bind synapsin I (Benfenati et al., 1992) and phosphorylate the
protein on two serine residues (located at amino acids #555 and #651) (Huttner and
Greengard, 1979; Huttner et al,, 1981). In addition, in the carboxy terminal region of the
polypeptide, a newly discoved proline-directed serine/threonine kinase has been shown to
phosphorylate synapsin I at a site distinct from the Ca2+/Calmodulin-dependent kinase II
sites (Vulliet et al., 1989; Hall et al., 1990). The binding of synapsin I to synaptic vesicles
appears to be mediated by the collagenase-sensitive tail domain of the molecule (Huttner et
al., 1983), as phosphorylation of this region of the molecule by Ca2+/calmodulin-
dependent protein kinase II decreases the affinity of synapsin I for synaptic vesicles

(Schiebler et al., 1986).
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Function

Several lines of evidence, including physiological and electrical stimulation studies,
implicate synapsin I in the regulation of neurotransmitter release from adult presynaptic
nerve terminals. For example, in the adult CNS, the affinity of synapsin I for synaptic
vesicles has been shown to be regulated by conditions affecting neuronal activity. Tarelli et
al. (1992) showed that electrical stimulation of the frog neuromuscular junction resulted in
the dissociation of synapsin I from the synaptic vesicle. In studies by Sihra et al. (1989),
K+-evoked stimulation of neurotransmitter release from purified synaptosomes has been
shown to cause the phosphorylation of synapsin I and increases the amount of the synapsin
Iin the cytosolic (soluble) fraction. Additionally, treatments that promote the Ca2+.
dependent release of neurotransmitter resulted in an increase in the pool of phosphorylated
synapsin I, an effect abolished by prior phosphorylation of synapsin I by injection of
Ca2+/calmodulin-dependent protein kinase II (Llinas et al., 1985; 1991; Hackett et al.,
1990; Lin et al., 1990; Nichols et al., 1992). The microinjection of purified
dephosphorylated synapsin I into the presynaptic nerve terminal resulted in the decrease in
efficiency of neurotransmitter release, whereas the injection of phosphorylated synapsin I
had no effect (Llinas et al., 1985). Conversely, injection of CaZ*/calmodulin-dependent
protein kinase II, which results in an increase in phosphorylation of synapsin I and
subsequent decrease in its affinity for synaptic vesicles, enhanced neurotransmitter release
(Llinas et al., 1985).

The prevailing hypothesized role for synapsin I in the presynaptic nerve terminal is
depicted in Figure 3. Cytoskeletal elements within the presynaptic nerve terminal are
proposed to form a fibrillar meshwork with synapsin I mediating the link between the
synaptic vesicle and the cytoskeletal matrix. Upon nerve terminal depolarization and
subsequent increase in intracellular Ca2+, phosphorylation of synapsin I on two sites in its

carboxy terminal domain by CaZ*calmodulin-dependent protein kinase II leads to a reduced
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Figure 3. A schematic of the presynaptic nerve terminal and the proposed role of
synapsin I in regulating neurotransmitter release, as outlined in the text.
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affinity of synapsin I for the synaptic vesicle. The synaptic vesicle is then freed from the
synapsin I/cytoskeletal matrix and becomes available to undergo the process of exocytosis.

Recently, biochemical and immunological evidence has established synapsin I as a
djécylglycerol (DG) kinase suggesting a second role for synapsin I 1n the adult nerve
terminal, that of a potential regulator of protein kinase C-mediated extracellular signals
(Kahn and Besterman, 1991). Since the generation of DG within the neuronal membrane
is believed to play an important role in the transduction of extracellular signals in the
nervous system (Huang, 1989), the characterization of synapsin I as a DG kinase
establishes a point of convergence between the depolarization-induced, Ca2*-mediated and
effector-induced, DG-mediated signal transduction pathways.

In the development of the CNS, synapsin I appears to have opposing actions to
those observed in the adult. Introduction of dephosphorylated synapsin I into mature
presynaptic nerve terminals results in the reduction of spontaneous and evoked
neurotransmitter release (Llinas et al., 1985; 1991; Hackett et al., 1990; Lin et al., 1990),
perhaps as a result of increased binding of synaptic vesicles to the presynaptic
cytoskeleton. In contrast, in developing neurons when endogenous synapsin I protein
levels are particularly low, Lu et al. (1992) have demonstrated that introduction of
exogenous dephosphorylated synapsin I elicits marked enhancement of both spontaneous
and evoked synaptic currents suggesting that endogenous synapsin I may participate in the
functional maturation of synaptic function. Fletcher et al. (1991) have shown thatin
hippocampal cultures, the contact of presynaptic neurons with postsynaptic cells induces
the rapid translocation of synapsin I to the distal site of contact. Indeed, most recent
morphological studies by Han et al. (1991) have shown that overexpression of the

synapsins in vitro may play a causal role in synaptogenesis by promoting the formation of

nacent synapses.
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Bi i lar Biol

In the adult nervous system, previous studies employing endogenous
phosphorylation assays (Walaas et al., 1983, 1988), radioimmunological assays (Goelz et
al., 1981), and immunohistochemistry (Bloom et al., 1979; De Camilli etal., 1983a,b;
DeGennaro et al., 1989; Apostilides et al., in press) indicate that synapsin I protein is
abundant in the adult rat brain. It comprises 0.4% of the total protein from cortex (Goelz et
al., 1981) and 6% in a purified synaptic vesicle fraction (Huttner et al., 1983). The
biosynthesis of synapsin I proiein is regulated developmentally in the rodent nervous
system. During the development of the rat and guinea pig CNS, Lohmann and colleagues
(1978) used endogenous phosphorylation assays to demonstrate that synapsin I levels
correlated with the development of synaptic structures. More recently, several studies have
demonstrated that, during the developmental period, the appearance of synapsin I protein
correlates temporally and topographically with synaptogenesis, both in vivo (De Camilli et
al., 1983; DeGennaro et al., 1983; Levitt et al., 1984; and Mason, 1986; Moore and
Berstein, 1989; Bergman et al., 1992) and in vitro ( Bixby and Reichardt, 1985; Weiss et
al., 1986). Together, these studies suggest that synapsin I is a precise indicator of synapse
formation and that synapsin I immunoreactivity could be used as a tool for the study of
synaptogenesis in the developing nervous system.

Southern blot analysis indicates that there is only a single copy of the synapsin I
gene present in the haploid genome (P.D. Carroll and L.J. DeGennaro, personal
communication). The gene encoding synapsin I has been localized to the X chromosome at
bands XA 1-XA4 in mouse, and Xp11 in man (Yang-Feng et al., 1986). Linkage analyses
using repetitive DNA sequences as polymorphic markers have revealed that the synapsin I
gene lies back-to-back with the A-raf-1 gene (the cellular homologue of a viral oncogene)
on the proximal short arm of the human X chromosome (Kirchgessner et al., 1991).
Additional genetic linkage studies in mouse have shown Synapsin I, A-raf-1, and Timp

(the gene encoding a glycoprotein inhibitor of collagenase) to be part of a conserved cluster
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on the X chromosome (Avner et al., 1987; Mullins et al., 1990; Grant and Chapman,
1991), and that Timp, only 10 kb from A-raf-1, actually lies within an intron of the
synapsin I gene (Derry and Barnard, 1992). Detailed restriction mapping in these studies
has shown that the Timp gene is transcribed in the same direction as A-raf-l but in the
opposite direction to the synapsin I gene (Derry and Barnard, 1992). Analysis of the
corresponding region on the human X chromosome indicates conservation of this
arrangment and further shows that the properdin (a serum glycoprotein) gene locus lies
within this cluster, within approximately 5 kb of the 5'-end of the synapsin I gene (Derry
and Barnard, 1992).

The gene encoding rat synapsin I is greater than 30 kb in size (L.J. DeGennaro,
personal communication) and is highly homologous to the human synapsin I gene sequence
(Sudhof, 1990). Both rat and human genes consist of at least 11 exons and 10 introns
(L.J. DeGennaro, personal communication; Sudhof, 1990), however, due to cloning
difficulties, an indepth analyses of intron/exon borders has not been established in several
regions. The 5' flanking region of both the human and rat genes have been fully sequenced
elucidating the 5' regulatory sequences, the start sites of transcription and translation, and
the first exon (Sudhof, 1990; Howland et al., 1991). In the rat synapsin I gene, S1
nuclease and primer extension analyses suggested that the primary start site of transcription
is located at an adenine residue 124 bases upstream of the ATG start site of translation, and
a second, less frequent site is located at adenine residue +14 (Howland et al., 1991).
Inspection of the DNA sequence immediately upstream of the transcription start site
revealed that the rat synapsin I gene promotor is comprised of a GC-rich sequence lacking
the consensus TATA and CAAT box elements. The sequence surrounding the transcription
start site is identical to the functional initiator control element (5'-CTCANTCT-3') present
in the murine lymphocyte-specific terminal deoxynucleotidyltransferase (TdT) and
adenovirus major late (AdML) genes (Smale and Baltimore, 1989). Such a sequence in the

synapsin I gene promotor may function in promoting transcription initiation in the absence
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of a TATA box (Blake et al., 1990; Howland et al., 1991). Interestingly, similar sequence
motifs are found in several genes lacking TATA boxes that are known to be
developmentally regulated (Smale and Baltimore, 1989; and below). Further inspection of
the rat synapsin I promotor revealed several homologies to recognizable sequence elements
including a cyclic-AMP response element (located at -151 bp), and an AP-1 site (-1397
bp).

Functional dissection of the rat synapsin I gene promotor in PC12 cells, a clonal
line derived from a rat adrenal medullary pheochromocytoma, and the neuroblastoma cell
- line NS20Y, have identified both positive- and negative-acting promotor sequences which
regulate the neuron-specific expression of the rat synapsin I gene (Howland et al., 1991).
In these studies, deletion analyses revealed the presence of a positive acting regulator
element between -349 bp and +110 bp of the synapsin I 5' promotor. This fragment was
shown to be 33 times more active in PC12 cells than in HeLa cells when fused to the
bacterial chloramphenicol acetyltransferase (CAT) reporter gene (Sauerwald et al., 1990;
Howland et al, 1991). Reporter plasmids containing up to 4.4 kb of rat synapsin I gene
promotor resulted in a significant reduction in CAT activity in PC12 cells. Further
dissection of this region by deletion analysis revealed that the reduction in CAT activity was
attributable to a negative regulator positioned between -349 bp and -1341 bp in the rat
synapsin I promotor (Howland et al, 1991).

The rat synapsin I gene directs the concerted expression of two classes of mRNA of

3.4 kb and 4.5 kb, respectively (Haas and DeGennaro, 1988). Polymerase chain reaction
(PCR) data reveal that the 4.5 kb class of mRNA includes the unspliced last exon at the
3'end of the synapsin I gene (P.D. Carroll and L.J. DeGennaro, personal communication),
however, the complete sequence and role of the 4.5 kb form of synapsin I mRNA has not
yet been determined. ¢cDNA cloning (Kilimann and DeGennaro, 1985) and sequence
analysis (McCaffery and DeGennaro, 1986; Sudhof et al., 1989) have shown that the 3.4

kb mRNA is composed of two similarly sized alternatively spliced species of mRNA
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encoding both the synapsin Ia and Ib polypeptides.

The expression of the two synapsin I mRNA classes is differentially regulated
during the development of the rat brain and cerebellum (Haas and DeGennaro, 1988). By
RNA biot analysis, the 4.5 kb transcript was shown to be expressed in the rat cerebellum
until postnatal day 7, after which it decreased to undetectable levels. The 3.4 kb mRNA
was detected throughout development and into the adult. The expression of this form of
mRNA was shown to peak at postnatal day 20 in the developing cerebellum, coincident
with the peak period of synaptogenesis in the cerebellum (Haas and DeGennaro, 1988).
By in situ hybridization, synapsin I mRNA was localized over the developing internal
granule cell layer of the cerebellum, but not over Purkinje cells (Haas and DeGennaro,
1988). This pattern of expression suggests that the developmentally regulated expression
of the neuron-specific synapsin I gene correlates with the synaptogenic differentiation of

particular subsets of neurons in the rat central nervous system.

Synapsin I and the Molecular Changes Associated with Neuronal
Sprouting and Alzheimer's Disease
Data from our laboratory and the laboratories of others have characterized the

neuron-specific protein synapsin I as a marker of severe focal synaptic loss in the
hippocampus of patients with AD (Perdahl et al., 1984; Hamos et al., 1988). Further
semi-quantitative densitometric analyses of synapsin I immunostaining in the molecular
layer (ML) of the dentate gyrus (the hippocampal region deafferented by AD pathology)
revealed an increase in the density and area of staining in the IML, perhaps indicative of a
sprouting response by surviving afferent systems in this region (Hamos et al., 1988).
vRecqnt in vitro studies by Han et al. (1991) indicate that the regulation of synapsin
expression could be involved in chronic changes in neuronal signalling, and that the
synapsins may contribute to both short-term and long-term synaptic plasticity.

Recently it has been shown that the same afferent systems responsible for the
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reinnervation of the rat hippocampus following entorhinal cortex ablations undergo
remarkably similiar plastic responses in chronic neurodegenerative pathologies such as
Alzheimer's Disease and Senile Dementia of Alzhcimer’s Type (SDAT). Since the process
of hippocampal reinnervation has been well characterized at the cclluiar level in rats with
acute lesions of the entorhinal cortex, this system may serve as a useful model for some of
the chronic changes observed in AD, most notably, the neuronal sprouting response of
undamaged afferent fiber projections. Further study of this system at the level of gene
expression may serve to elucidate the putative cellular and molecular mechanisms
underlying neuronal plasticity (sprouting) and their relationship to neurodegenerative
diseases such as AD/SDAT.

As described above, neuronal sprouting in the rodent hippocampus in response to
entorhinal cortex ablation has been extensively characterized by standard morphological
methods, although relatively little is known regarding the molecular and biochemical events
that underlie the sprouting response. Recently, several studies have shown that changes in
gene expression (Whittemore et al., 1987; Geddes et al., 1990a,b; May et al., 1990;
Phillips and Steward, 1990; Poirier et al, 1990; Steward et al., 1990; Gibbs et al., 1991;
Laping et al., 1991; Nichols et al., 1991; Poirier et al., 1991a,b; Chen and Hillman, 1992),
protein synthesis (Nieto-Sampedro et al., 1982; Caceres et al., 1988; Lapchak, 1991;),
membrane composition (Masco and Seifert, 1990), and the levels and/or distribution of
cellular components (McWilliams and Lynch, 1981; Caceres et al., 1988; Steward, 1983)
occur with particular neurons in the rat brain in response to lesions of the entorhinal cortex.
These studies suggest that massive deafferentation of a subset of neurons within the CNS
results in a myriad of cellular and molecular responses within both pre- and postsynaptic
compartments. One of these responses may be a recapitulation of the original
developmental mechanisms of axonal guidance and growth in those cells whose remaining

undamaged afferent fiber projections sprout in response to lesion (Geddes et al., 1990c;

Poirer et al., 1991b), Another response may be the attenuation of neuronal signaling
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between effector and target neurons (Taxt and Storm-Mathisen, 1984; Anderson et al.,
1991). Since the neuron-specific expression of synapsin I is (1) regulated in a coordinate
fashion with synaptogenesis in the developing nervous system (2) involved in signaling
between neuronal populations and (3) involved in chronic pathological and subsequent
plastic changes in hippocampal circuitry in AD, we believed it would be of tremendous
interest to examine the in vivo expression of the synapsin I gene and its protein products
during development and following entorhinal lesion-induced changes in hippocampal

synaptic circuitry.

Objective and Experimental Approach

The main objective of the research described in this dissertation is to study the
relationship between the regulation of synapsin I gene expression and neuronal sprouting
by examining molecular and cellular events which occur in presynaptic and postsynaptic
compartments of selected nerve cells in the rat brain in response to entorhinal cortex lesion.
As previously described, the hippocampal formation of rodents demonstrates a remarkable
degree of plasticity following entorhinal cortex ablation. In this model system, every
afferent fiber system which borders on or terminates within the MML and OML of the
dentate gyrus shows marked growth responses following the removal of entorhinal
afferents. Our strategy was to study the expression of synapsin I mRNA and protein in the
defined synaptic circuitry of the hippocampus and its incoming afferent systems following
deafferentation by surgical knife-cut transection of the perforant pathway; selectively
severing the primary source of afferent connections to the dendritic field of the dentate
granule neurons of the rodent hippocampus. Knife-cut transection of the perforant
pathway was chosen as a preferred means of deafferenting the hippocampus for several
reasons. The principle advantages of this procedure are that it typically spares both the cell
bodies of the transected neurons and their terminal fields, and it avoids overt post-lesion

epileptiform seizures induced by electrolytic lesions or the injection of toxic compounds
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such as kainic acid. This characteristic is particularly advantageous, since seizure activity
itself, has been shown to evoke dramatic and specific increases in mRNA encoding the
cellular oncogenes c-fos (Morgon et al., 1987; Dragunow et al., 1992), Fos B, Fos-related
proteins (FRAs), c-jun, jun B, jun D and krox-24 (NGF1A) (Dragunow et al., 1992), and
the transcripts of several other genes including heat shock protein 73 (hsp 73) (Wong et al.,
1992), nerve growth factor (NGF), brain-derived neuro-tropic factor (BDNF),
neurotrophin-3 (NT3) (Rocamora et al., 1992), and prodynorphin and proenkephalin
(Douglass et al., 1991). Sinceﬁ the knife-cut transection procedure avoids post-surgical
seizure activity in lesioned rats, subsequent analysis of gene expression in those regions of
interest should select for molecular events associated with changes of synaptic wiring in the
brain, events potentially obscured by seizure-induced molecular changes. Additionally,
since the wire knife transection protocol is inherently less destructive, animals suffer less
and recovery times are shortened.

As a prelude to examining the regulation of expression of the synapsin I gene
during the synaptic reorganization of the deafferented hippocampus, it was first necessary
to develop and implement rapid and sensitive assay systems for the analysis of synapsin I
gene expression in the rat nervous system. Thus far, the analysis of the expression of the
synapsin I gene in rat central nervous system had been restricted to observations by
standard RNA blot and only limited in sifu hybridization analyses during the postnatal
development of the rat cerebellum (Haas and DeGennaro, 1988), with little or no data
available detailing the pattern and level of expression of the synapsin I gene elsewhere in
brain. Chapter III of this thesis reports the development of an RNA blot procedure for the
direct analysis of steady-state mRNA levels in microgram quantities of frozen mammalian
tissues, with particular emphasis on synapsin I mRNAs from rat brain. The punch-and-
load procedure described is rapid, extremely sensitive and reproducibly results in excellent
recovery, detection, and quantification of intact synapsin I mRNA from discrete regions of

brain. Chapters IV and V report the development of an extremely sensitive and
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reproducible hybridization procedure for the detection of synapsin I mRNAs in situ. This
procedure was used to define the normal patterns of expression of the synapsin I gene in
the developing and adult rat brain. The developmental studies, presented in Chapter IV,
further serve to elucidate the temporal onset of expression of the synépsin I gene in relation
to the state of differentiation of particular types of neurons during the development of the
rat cerebellum and hippocampus. Studies of synapsin I gene expression in the adult rat
central nervous system presented in Chapter V, detail the comparative levels of expression
of expression of synapsin I mRNA in the adult rat, providing a map of the intensity of
expression of synapsin I mRNA throughout brain.

As a prelude to an analysis of synapsin I gene expression in the restoration of
synapses in the rat hippocampus, the next series of experiments focused in detail on the
expression of the synapsin I gene (mRNA and protein) during the normal development of
the rat hippocampus. Specifically, in these experiments, presented in the latter part of
Chapter V and in the first part of Chapter VI of this dissertation, a comparison of the
patterns of expression of synapsin I mRNA and protein in the developing and adult rat
hippocampus by in situ hybridization and immunohistochemistry were carried out to
determine specifically how synapsin I mRNA levels are related to levels of synapsin I
protein during the establishment and maintenence of synapses in rat central nervous
system.

Finally, to investigate the regulation of the synapsin I gene (mRNA and protein)
during the restoration of functional synaptic contacts in the rat central nervous system,
lesion studies were designed to evoke neuronal sprouting and synaptic reorganization in the
hippocampal formation. In these studies, presented in the latter part of Chapter VI, the
expression of synapsin I protein and mRNA were measured in presynaptic and
postsynaptic neurons at varying survival times following transection of the perforant path.
Of particular interest is the documentation of molecular changes in neurons which occur

concommitant with neuronal sprouting and the restoration of synaptic function.
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Chapter 1I

MATERIALS AND METHODS

Animals. Surgical Proced | Tissue P .

All animal work was carried out in accordance with the Policy on Animal Treatment
regarding the care and use of experimental animals, as approved by the Society for
Neuroscience, April 1984.

Developmental studies. Sprague-Dawley rat pups (n=2-4 per time point) (Charles
River, Wilmington, MA), from each of thirteen different time points embryonic (E) days
12, 14, 16 and 19, and postnatal (P) days 0, 3, 6, 9, 11, 14, 21, 31 and adult {P90}) were
used. For in situ hybridization on embryonic rat tissue, rat pups were frozen by immersion
in dry-ice-supercooled 2-methylbutane (Aldrich), warmed to -16°C in a cryostat, and
sectioned whole at 16 pm in the sagittal plane. For in situ hybridization on postnatal rat
tissue, the animals were sacrificed by carbon dioxide asphyxiation and decapitation. The
brains were removed according to the protocol of Palkovits and Brownstein (1988), frozen
in dry-ice-supercooled (-30°C to -40°C) 2-methylbutane (Aldrich), and stored in plastic
bags at -70°C. Just before use, the brains were then warmed to -16°C, and 16 um cryostat
sections were cut in the coronal, horizontal, and parasagittal planes. Sections were thaw-
mounted on precooled slides coated with Vectabond® reagent (Vector Laboratories,
Burlingame, CA) and stored at -70°C until use. For RNA (n=3 per time point) and
Western blot (n=2 per time point) analyses, rat brains were frozen as above and warmed to
-9°C. Cryostat sections were cut at 250 jum, and the sections were used for brain punch
microdissection (Palkovitz and Brownstein, 1988). For immunohistochemistry (n=2-4 per
time point), rats were anesthetized by exposure to ether or by injection of pentobarbital, and

then perfused transcardially with 100 ml 0.9% saline followed by 400 ml cold 2%
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paraformaldehyde-lysine-periodate in 0.1 M phosphate buffer (PB; pH 7.4). The brains
remained exposed to fixative for the 15-20 minute length of the perfusion, followed by 2-4
hours of postfixation at 4°C. The brains were then removed and transferred to 30%
sucrose in 0.1 M phosphate buffered saline (PBS; pH 7.4) for cryopfotcction at 4°C.

Adult studies. Male Sprague-Dawley rats (n=6) from Charles River Breeding
Laboratories (Wilmington, MA), 90-120 days old and weighing 250-300 grams, were used
in this study. For in situ hybridization and RNA and Western blot analyses, the animals
were sacrificed by carbon dioxide asphyxiation and decapitation. Brains were removed,
frozen in dry-ice-supercooled 2-methylbutane (Aldrich), and stored in plastic bags at -
70°C. For immunohistochemistry, the animals were perfused transcardially with a saline
flush, followed by 0.01M periodate-0.075 M lysine-4% paraformaldehyde in0.037M
phosphate buffer, pH 7.2 ("PLP fixative”, McLean and Nakane, 1974). Brains were
postfixed for 2 hours at room temperature and passed through ascending concentrations of
sucrose in 0.2 M phosphate buffer, pH 7.2 (PB), at 4°C for cryoprotection. The brains
were subsequently stored in 30% sucrose in 0.2 M PB until their use.

For in situ hybridization, the brains were warmed to -16°C, and 16 um cryostat
sections were cut in coronal, parasagittal, and horizontal planes. The sections were thaw-
mounted on precooled slides coated with Vectabond® reagent (Vector Laboratories,
Burlingame, CA) and stored at -20°C. For RNA and Western blot analyses, rat brains
were warmed to -9°C and cryostat sections were cut at 250 um. The sections were thaw
mounted onto baked RN Aase-free glass slides and subsequently used for brain punch
microdissection (Palkovitz and Brownstein, 1988) and punch-and-load RNA (Melloni et
al., 1992) or Western (Towbin et al., 1979) blot analyses. For immunohistochemical
staining, immediately before use, horizontal sections of rat brain were cut free-floating at
40 um on a sliding microtome and placed in 0.1 M phosphate-buffered saline (pH 7.4)
(PBS).

For perforant path transection studies, male Sprague-Dawley rats (250-300g) from
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Charles River Breeding Laboratory were randomly divided into 3 groups. Animals in
groups 1 and 2 were anesthetized with 0.1 mg/kg pentobarbitol and placed in a stereotaxic
device with incisor bar at -3.3 mm. Animals in group 3 were unoperated controls.

Group #1 (n>7 per time point) received a unilateral knife cutl transecting the
perforant path starting at 0.7 mm anterior to lambda and 5.7 mm lateral to midline. A
Scouten adjustable wire knife cannula (David Kopf, Ind.) was lowered 5 mm below the
duramater and the wire knife blade extruded 3.2 mm medially (total cut length = 2.5 mm).
The wire knife blade was thexi raised 4.5 mm resulting in a coronal knife cut made 2.5 mm
medial-lateral and 4.5 mm dorsal-ventral. A second cutata predetermined angle (60° off
the coronal plane) was made laterally to a total cut length of 2.3 mm.

Group #2 (n=11) received sham surgical procedures which entailed soley the
lowering of the Scouten wire knife cannula to the level of the duramater.

Group #3 (n=8) were unoperated (naive) controls.

Animals in groups #1 and #2 were allowed to survive 1, 2,4,7, 14, and 31 days
post knife-cut and were sacrificed as described above. The brains were then removed and
levels of synapsin I protein were examined by immunohistochemistry and steady state
levels of synapsin I mRNA were examined by in situ hybridization and RNA blot analysis
as described.

Construction of Synapsin I cDNA Vector pSPT 18E2
The EcoRI 1.7 kb fragment of synapsin I cDNA was subcloned from pSyn 5

(Kilimann and DeGennaro, 1985) into the transcription vector pSPT 18 (Boehringer
Mannheim). The 1.7 kb fragment of synapsin I cDNA spans the midsection of the
synapsin I cDNA sequence from nucleotides 694 to 2445. Briefly, the synapsin I cDNA
plasmid pSyn 5 was cut with the restriction enzyme Eco RI (Boehringer Mannheim) and
the digestion products displayed on a 1% agaraose gel (Maniatis et al., 1982). The 1700
bp fragment, SE2, was excised from the gel, purified with Gene-Clean (Bio 101, Inc.,
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LaJolla, CA), and ethanol precipitated. After resuspension, the fragment was subsequently
ligated to an Eco RI-digested pSPT 18 transcription vector and transformed into
Escherichia coli strain HB101 using the calcium chloride method of Cohen et al. (1972).
Standard protocols were used to amplify and culture bacterial transfohnants and isolate
plasmid DNA (Maniatis et al., 1982). Two transcription plasmids were verified by
restriction enzyme analysis, and plasmid nomenclature was chosen to emphasize the
fragment origin and orientation derived from plasmid pSyn 5 containing the parent
synapsin I cDNA clone. For instance, pSPT18E2(+) denotes that the synapsin I cDNA
sequence SE2, from parent vector pSyn5, resides 3' to 5' from the SP6 promotor in the
transcription vector pSPT18. pSPT18E2(-) denotes the SE2 fragment in the 5' to 3'
orientation from the SP6 promotor. Thus, in vitro transcription using SP6 polymerase
(Boehringer Mannheim) and the vector pSPT18E2(-) results in the production of a sense
synapsin I synthetic RNA strand for potential use as a standard in such procedures as RNA

blot or RNAse protection assays.

Synthesis of cDNA Probes for FUV-RNA Blot Analysi
Several probes were used to identify RNAs on FUV-RNA blots. Most

significantly for our use was the isolation and subsequent use of synapsin I cDNA
fragment SE2 as a probe to analyze the integrity of synapsin I mRNA transcripts in punch-
and-load processed rat brain samples. To isolate synapsin I cDNA fragment SE2, the
synapsin I transcription plasmid pSPT18E2(-) was digested the restiction enzyme EcoRI
(Boehringer Mannheim) and the 1.7 kb fragment containing synapsin I cDNA sequences
694-2445 was purified by electroelution from a 1% (w/v) agarose gel (Maniatis et al.,
1982). The cDNA fragment was then labeled to a specific activity of 0.6 to 1.2 x 109 dpm
per pg by random oligonucleotide priming (Feinberg and Vogelstein, 1983; 1984) using a
commercial kit (Boehringer Mannheim) with [0-32P] dCTP (New England Nuclear

Research Products, 3000Ci/mmol). Unincorporated nucleotides were removed by
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Sephadex G25 column chromatography using commercially available spin columns
(Boehringer Mannheim). Finally, cDNAs for a-tubulin (Cleveland and Sullivan, 1985)
and 18s ribosomal RNA (Katz et al., 1983) were obtained and used as cDNA probes in
subsequent experiments. These cDNA plasmids were labeled to a spcciﬁc activity of 0.8 to
1.5 x 109 dpm per j.g by random oligonucleotide priming with [0-32P] dCTP as

previously described.

RNA Analysis

All materials were molecular biology grade or of the highest purity. All glassware
was baked at 180°C for >4 hours to inactivate ribonucleases (Maniatis et al., 1982), and
aqueous solutions were treated with 0.1% DEPC and autoclaved before use. The FUV-
denaturing gel loading buffer was a modified urea lysis buffer (Sive et al., 1989). The
FUV-buffer contained 2.2M formaldehyde, 7M urea, 20mM vanadyl ribonucleoside
complex (VRC), 0.5% sodium dodecyl sulfate (SDS), and 1X 3-[N-Morpholino]propane-
sulfonic acid (MOPS). A urea stock solution minus formaldehyde and VRC was made and
stored at room temperature for no longer than one week. Formaldehyde (37%) and VRC

were added just prior to sample processing.

- is - It Rat Brai

Total rat brain RNA was extracted and purified from rat tissues by the method of
Chirgwin et al. (1979), or analyzed by the punch-and—load procedure described below.

Punch-and-Load Procedure. Stainless steel hypodermic tubing (Small Parts Inc.,
Miami, FL.) was used to sample punches of tissue 0.5 - 1.0 mm in diameter from 250 pm
thick cryostat sections of rat brain, kidney, and liver (approximately 50 - 200 pg tissue
(Palkovitz and Brownstein, 1988)). The micropunches were immediately solublized by
pestle homogenization using a Kontes reusable CTFE/stainless steel pestle attached to a

Skiltwist cordless screwdriver motor unit. Homogenization was carried out in 50 pul FUV-
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buffer in Kontes 500 pl polypropylene microtubes and samples were placed on ice.
Samples were then centifuged in an Eppendorf microfuge for 15 seconds at room
temperature, heated at 65°C for 20 minutes, and returned to ice. Ethidium bromide, to a
final concentration of 25 ng/ul, and bromophenol blue (4%) loading >dye were added to
each tube, and the samples were applied directly to a 2.2M formaldehyde-agarose (1.2%)
gel for electrophoresis (Maniatis et al., 1982). The gel was then photographed under
ultraviolet illumination to visualize the 28s ribosomal RNA band as a qualitative measure of
RNA integrity. |

Hybridization. RNA was blotted onto Zetabind nylon membrane (American
Bioanalytical) by capillary action using 10X SSC (1X SSC =0.16M Na(l, 0.015M
Na3CgH7-2H,0, pH 7.0) as the transfer buffer (Maniatis et al., 1982). Membranes were
UV cross-linked for 1 minute (Pauli et al., 1991), and baked at 80°C for 1 hour. For
prehybridization, membranes were incubated for 4-6 hours at 50°C in hybridization buffer
(50% formamide, 0.5M Na;HPO4 pH 7.5, 7% SDS, and 250 pg/ml heat-denatured
Escherichia coli DNA). Membranes were then hybridized to [032P]-dCTP random-primed
labeled (Boehringer Mannheim) synapsin I (Kilimann and DeGennaro, 1985), a-tubulin
(Cleveland and Sullivan, 1985), and/or 18s ribosomal RNA (Katz et al., 1983) cDNA
probes at 3 - 10 x 106 cpm/ml. Hybridizations were carried out in hybridization buffer at
50°C overnight (>16 hours). Membranes were then washed at room temperature for 20
minutes in two changes of 2X SSC, 0.1% SDS, 0.1% NayP,0q; followed by 1X SSC,
0.1% SDS, 0.1% Na4P;07; and 0.3X SSC, 0.1% SDS, 0.1% NasP,07, each preheated
t0 65°C. RNA blots were then exposed to Kodak XAR-5 film for >4 days at -70°C with a
Dupont Cronex intensifying screen.

. Standardization. Prior to tissue sampling, an unlabeled sense synapsin I synthetic
RNA was added to the FUV-buffer to serve as external standard (Heumann and Thoenen,
1986). Briefly, a 1.7kb synapsin I sense RNA transcript was synthesized in vitro by using
the synapsin I transcription vector pSPT18E2(-) and SP6 polymerase (Dunn and Studier,



32

1983) with the aid of a commercial SP6/T7 Transcription Kit (Boehringer Mannheim). The
RNA was purified by repeated ethanol precipitation (Maniatis et al., 1982), and a known
amount was added to punch samples to control for differences in RNA recovery,

degradation, blotting, and hybridization.

- is - i n

RNA was prepared from brain punches obtained from various subregions of rat
brain. For developmental studics, a 0.3 mm stainless steel punch was used to sample the
dentate granule cell layer of the hippocampus bilaterally from several consecutive sections
of rat brains aged 14, 21, and 31 days postnatally. For perforant pathway transection
studies, a 0.3 mm punch was used to sample the dentate granule cell layer and the CA4
region of the hippocampus, the medial septal nucleus, and the superficial entorhinal cortex
bilaterally from several consecutive sections of lesioned, sham operated, and naive control
animals. Multiple brain punches were pooled and total RNA was prepared by a
modification of the method of Chomczynsky and Sacchi (1987) and analyzed by
formaldehyde-agarose gel electrophoresis utilizing the FUV buffer as previously described
(Melloni et al., 1992, 1993). The RNA was blotted onto Zetaprobe® nylon membrane
(Bio-Rad) as described by Thomas (1980), and hybridized for >16 hours at 50°C in 50%
(v/v) formamide, 7% (w/v) SDS, 0.5 M NaHPO4, pH 7.5, 250 pg/ml heat-denatured
Escherichia coli DNA and 10 ng/ml rat synapsin I and/or 18s ribosomal RNA cDNA
fragments, labeled as described. Membranes were then washed to high stringency through
several changes of SSC, and exposed to Kodak XAR-5 film for >4 days at -70°C with a
Dupont Cronex intensifying screen.

Synthesis of Synapsin 1 cDNA Probes for In Situ Hybridization,
Synapsin I Dde I-digested cDNA fragment SE2 was used as CDNA probe for in situ

hybridization. Briefly, synapsin I cDNA plasmid pSyn 5 (Kilimann and DeGennaro,
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1985) or pSPT18E2 (+/-) was cut with the restriction enzyme Eco RI (Boehringer
Mannheim) and the 1700 bp fragment, SE2 (nucleotides 694-2445 of the synapsin I cDNA
sequence), was purified by electroelution frorh a 1% (w/v) agarose gel (Maniatis et al.,
1982). Fragment SE2 was then redigested with the restriction enzyme Dde I (Boehringer
Mannheim) and the digestion products were purified by ethanol precipitation. These
fragments were labeled to a specific activity of 2 - 3 x 108 dpm per pg by random primed
labeling (Boehringer Mannheim) in the presence of [o-35S]dCTP as previously described.
Before use, unincorporated nﬁcleotides were removed by chromatography over a Sephadex

G25 spin column (Boehringer Mannheim).

All materials were molecular biology grade or of the highest purity. All glassware
was baked at 180°C for >4 hours to inactivate ribonucleases (Maniatis et al., 1982), and

aqueous solutions were treated with 0.1% DEPC and autoclaved prior to their use.

Synapsin I In Situ Hybridization Histochemistry

Fixation and Tissue Preparation. Slide-mounted brain sections were warmed to
room temperature, post-fixed in 4% formaldehyde (Polysciences, Inc.) in 0.1 M phosphate
buffer (pH 7.4) for 5 minutes at 0°C, rinsed in phosphate buffered saline (PBS), and
treated with 0.25% acetic anhydride (in 0.1 M triethanolamine, pH 8.0) for 10 minutes at
room temperature. After rinsing in 2 X SSC and dehydration (2.5 minutes each) through a
graded series of alcohols (75%, 95%, and then 100%), the sections were delipidated in
chloroform (Fisher Scientific) for 5 minutes at room temperature. The sections were
subsequently rehydrated to 95% ethanol in descending concentrations of alcohols and then
air dried. Processed slides were kept in light-tight slide boxes at room temperature until

use.
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Hybridization Conditions and Post-Hybridization Washes. For hybridization,
probe (2-3 x 10 cpm) was applied in 65 i hybridization buffer (50% formamide, 10%
dextran sulfate, 2 X Denhardt's solution, 5 X SSC, 50 mM DTT, 0.1% SDS, 100 pM
dNTPs, and 0.1% Na,P,0), and the slides were coverslipped and i.ncubatcd at 50°C
overnight (>16hrs.) in a moist chamber. Following hybridization, coverslips were
removed in 2 X SSC, 0.1% Na,P,07 at room temperature, and the slides were washed for
30 minutes each in two changes each of: 2 X SSC, 0.1% Na,P,07 at room temperature; 2
X SSC, 0.1% Na,P,0 at 42°C; 0.5 X SSC, 0.1% Na,P,07 at room temperature; 0.1 X
SSC, 0.1% Na,P,07 at room temperature; and 0.1 X SSC, 0.1% Na,P,0O7 at 42°C. After
a final wash in 0.1 X SSC, 0.1% Na,P,0- for 15 minutes at room temperature, the
sections were dehydrated through a graded series of alcohols in which water was replaced
by 0.6 M ammonium acetate. The slides were then air dried and exposed to Kodak XAR-5
film for 7 days at room temperature.

Autoradiography. For emulsion autoradiography, selected slides were coated with
photographic emulsion (NTB2; Eastman Kodak, Rochester, NY; diluted 1:1 with 0.6 M
ammonium acetate). Briefly, in total darkness NTB2 photographic emulsion was melted at
40°C and diluted with warm 0.6 M ammonium acetate. Diluted emulsion was then
equilibrated to 40°C in a Dip-Miser emulsion dipping chamber (Electron Microscopy
Sciences, Inc.) and selected slides were dipped twice and allowed to dry standing upright,
at room temperature in total darkness. Slides were then stored with dessicant in plastic
slide boxes wrapped three times in aluminum foil to keep light tight. Sections were
allowed to expose for 14 days at 4°C, before developing.

Before the development of slides, D19 developing (Eastman Kodak; diluted 1:1
with water), a water rinse, and Kodak Fixer solutions were precooled to 15°C-16°C in an
ice bath. Room temperature slides were placed in cooled D19 developer for 4 minutes with
gentle agitation. Slides were then rinsed in prechilled water for 10 seconds and placed in

Kodak Fixer for 5 minutes. After fixation, slides were rinsed in running water (~16°C) for
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30 minutes.

Cresyl-Violet Acetate Counterstgin, To identify neuronal somata, slides processed
for emulsion autoradiography were counterstained with 0.04% cresyl-violet acetate
(Eastman Kodak). Slides were immersed in 0.1 M sodium acetate bﬁffer (pH 3.5) for 1
minute then stained in 0.04% cresyl-violet (in 0.1M ammonium acetate, pH 3.5) for
approximately 10 seconds. They were differentiated in water for 1-2 minutes and then
dehydrated through 70%, 95%, and 100% ethanol for 2 minutes each. Slides were
subsequently placed in xylene fér 2 minutes and coverslipped with Permount (Fisher

Scientific).

Synapsin I polyclonal antibodies used in these experiments were contained in
antisera prepared in rabbits against purified rat synapsin I protein (Kilimann and
DeGennaro, 1985). To raise the antibody, synapsin I was purified from rat brain by a
modification (Hunter et al., 1981) of the original protocol (Ueda et al., 1977). Two
different non-immune rabbit sera, including one from an animal subsequently immunized
against synapsin I, served as controls. The polyclonal antibodies used in these studies
have been extensively characterized (Kilimann and DeGennaro, 1985), and used previously
to localize synapsin I protein in a number of immunohistochemical studies (Hamos et al.,
1988; Smith et al., in press; Apostolides et al., in press). At dilutions of 1:500 - 1:2000,

the synapsin I antiserum reacts specifically with synapsin I on Western blots of rat brain

protein (Kilimann and DeGennaro, 1985 and Figure X), and on rat and human brain
sections processed for immunohistochemistry (Hamos et al., 1988; Smith et al., in press;

Apostolides et al., in press).

Western Blot Analysis
Adult Studies. Total protein was extracted from the neocortex of an adult rat brain
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by a modification of the method of Klose and Zeindl (1984). Briefly, brain punches, 1 mm
diameter x 250 pm thickness, were homogenized in 500 pl of tissue extraction buffer [2%
Nonidet P-40, 9.5 M urea, 1% B-mercaptoethanol, and 200 mM K,>COj3 (pH 9.5)] and
then centifuged in an Eppendorf microfuge for 10 minutes at room témperaturc. The
supernatant was collected and a Coomassie Plus protein assay (Pierce, Rockford I11.) was
performed to determine protein concentration.

Western blots were performed according to the method of Towbin et al. (1979).
Briefly, 8% polyacrylamide gels‘ were run according to the method of Laemmli (1970).
Gels were blotted onto Immobilon-P (Millipore, Bedford, MA) using the semidry blotting
technique of Kyhse-Anderson (1984), washed with TBST (25 mM Tris [pH 8.0}, 137 mM
NaCl, 2.7 mM KCl, 0.05% Tween 20), and blocked with TBST containing 5% nonfat dry
milk (NFDM). Synapsin I polyclonal antibody was diluted 1:1000 in TBST containing 1%
NFDM (antibody buffer) and incubated with the blot for 1 hour at room temperature. Blots
were washed extensively in TBST and incubated with secondary antibody (alkaline
phosphatase conjugated goat anti-rabbit IgG, Sigma) at a dilution of 1:3000 in antibody
buffer for 1 hour at room temperature. The blots were washed in three changes of TBST
for 5 minutes each, rinsed in TBS, and then developed with the Immune-Lite
chemiluminescent detection system (Bio-Rad, Richmond, CA) according to manufactures'
instructions.

Developmental studies, Total protein was extracted from the hippocampus of rat
brains of postnatal days 21 and 31, and Western blot analysis was performed as previously
described. Briefly, brain punches 1 mm diameter X 250 um thickness were obtained from
the dentate gyrus and accompaning mossy fiber zone as described by Palkovits and
Brownstein (1988). Multiple punches were pooled and total protein was extracted by a
modified procedure of Klose and Zeindl (1984). Duplicate aliquots of total dentate protein
were electrophoresed in an 8% polyacrylamide gel according to the method of Laemmli
(1970). After electrophoresis the gel was divided and one half was fixed and stained with
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Daiichi silver stain (Enprotech), while the proteins in the second half were electroblotted
onto Immobilon-P (Millipore, Bedford, MA) using the semidry blotting technique of
Kyhse-Anderson (1984). Subsequently, Weétem blots were performed according to the
method of Towbin et al. (1979) as described above (Melloni et al., 1993).

Immunohistochemistry
Thirty-five micron horizontal or parasagittal sections, cut on the freezing stage of a
sliding microtome, were collected as free-floating sections in 0.1 M PBS (pH 7.4). Every
fourth section in the series was preincubated for 30 minutes in 0.01% H;O; in methanol,
rinsed twice for 10 minutes each in PBS, 0.03% Triton X-100 (Sigma) (PBST), and then

incubated for 1 hour in blocking buffer [20% nonimmune goat serum in PBS containing

'0.3% Triton X-100]. Sections were then reacted overnight, at 4°C, with the synapsin I

primary antibody at a dilution of 1:1000 in PBS, 0.3% Triton X-100, 3% nonimmune goat
serum. On the following day, antibody binding was revealed by using the avidin-biotin
complex method of peroxidase labeling (Vector Laboratories, Burlingame, CA). Briefly,
sections were rinsed twice for 30 minutes each in PBST, incubated for one hour in
biotinylated goat anti-rabbit immunoglobulins (secondary antibody) in PBST, rinsed again
twice for 15 minutes each in PBST, and incubated for 1 hour in avidin-biotin-peroxidase
complex. The peroxidase label was revealed by using 3,3'-diaminobenzidine (DAB)
(Sigma; 0.05% in 50 mM Tris, pH 7.4) as a chromogen. The immunostained sections
were mounted on gelatin-coated slides, dehydrated in a graded series of alcohols and
xylene, and coverslipped with Permount. Adjacent sections were stained with cresyl violet
acetate.

Experimental controls were performed on representative sections and included
either the substitution of nonimmune rabbit sera for the primary antibody, omission of the
primary antibody, omission of the secondary antibody, or preabsorption of anti-synapsin I

IgGs from total rabbit serum using a 100-fold excess of purified synapsin L. Additionally,
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adjacent sections that had not been processed through the immunohistochemical protocol

were mounted in series and stained for neuronal somata with 1% cresyl violet acetate.

s cervicholi Histochermi

To determine the extent of lesion-induced neuronal sprouting in the molecular layer
of the dentate gyrus, 16 um sections adjacent to those used for in situ hybridization and 35
um sections adjacent to those used for immunohistochemistry were processed for
acetylcholinesterase (AChE) histochemistry (Hedreen et al., 1985). Sections were
incubated in AChE media for >48 hours. After incubation, sections were washed
extensively in 0.1 M PBS, then placed in 1% ammonium sulfide developing solution for 2-
4 minutes. The sections were then washed extensively in water, dehydrated through a
graded series of alcohols, and coverslipped. All incubations were carried out at room

temperature.

Im nalysi

In developmental studies, the relative levels of synapsin I protein immunoreactivity
and mRNA hybridization we assessed on an IBAS 2000 Image Analysis System linked to a
Zeiss Axioplan light microscope. On immunohistochemicaily stained sections, grey-level
density values of synapsin I immunoreactivity were obtained from the mossy fiber zone of
the rat dentate gyrus. In these analyses, an average of five readings of grey-level density
were taken from a 100 X 100 pixel area on a scale of 0 (black, i.e., very immunoreactive)
to 255 (white, i.e., no immunoreactivity) in each of 3 animals from 5 developmental time
points. In each case, the grey-level density values obtained were standardized relative to
the average density of background staining in the corpus callosum. On in situ hybridization
sections, the relative levels of synapsin I hybridization in the dentate granule cell layer were

assessed from autoradiographic films. In these analyses, the dentate gyrus was outlined,

and as above, an average of five readings of grey-level dentsity were obtained in each of 3
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animals from 8 developmental time points. In each case, the grey-level densities were
standardized relative to background hybridization; e.g., average grey-level density values
obtained from the corpus callosum. The data presented represent the relative levels of
synapsin I immunoreactivity and hybridization as compared with the signal found in white

matter fiber tracts known to be void synapsin I protein and mRNA. Values are presented +

SEM per developmental time point.
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Chapter III

DEVELOPMENT OF A METHOD FOR THE DIRECT MEASUREMENT OF
SYNAPSIN I mRNA IN DISCRETE REGIONS OF MAMMALIAN BRAIN

Introduction

Hybridization analysis of steady state mRNA levels as a reflection of differential
gene expression is a procedure commonly used in molecular neurobiology. For such
analyses to be truly quantitative and reproducible, RNA isolation and purification protocols
typically must yield intact RNA with high efficiency and good recovery. Several
difficulties arise in the application of current methods which meet these criteria to the study
of gene expression in the discrete subregions of the mammalian brain. First, these methods
invariably require moderate amounts of tissue, which precludes their use in the analysis of
mRNA levels in tissue samples where quantities are limited. Furthermore, due to the
elaborate nature of conventional RNA preparation protocols, the analysis of large numbers
of RNA samples can be tedious and often very time consuming. Recently, several reports
of rapid, small scale preparations of nuclear, cytoplasmic, poly (A)* and total cellular RNA
have been published (Chen et al., 1983; Dziadek and Andrews, 1983; Ilaria et al., 1985;
Chomczynski and Sacchi, 1987; Badley et al., 1988; Emmet and Petrack, 1988; Gough,
1988; Meirer, 1988; Wilkinson, 1988a,b; Rappolee et al., 1989). These reports detail
RNA extraction protocols from both isolated- and cultured- cell suspensions and fresh
tissues, using as little as 105 cells or 3 mg tissue, respectively. However, consistently
poor yields indicate many of these methods are unsuitable for the rapid analysis of multiple
RNA samples from microgram amounts (approximately 50 - 200 pg) of intact tissue.

An alternate method of measuring mRNA levels in small amounts of tissue has
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recently been published by Sive et al. (1989). The authors describe the use of an urea lysis
buffer (TM Urea, 0.5% SDS, 1X MOPS) to solubilize small amounts of freshly dissected
Xenopus embryo parts. To measure steady stéte mRNA levels directly, the solubilized
tissue samples were added to a formaldehyde-agarose gel for elcctrobhoresis and
subsequent RNA blot analysis. In our hands, however, complications with RNA
degradation and incomplete denaturation proved this buffer unsuitable for use with small
quantities of frozen mammalian brain tissue.

In this chapter, the mam objective was to develope a procedure for the direct
analysis of mRNA levels in microgram quantities of frozen mammalian tissues, with .
particular emphasis on RNAs from brain. The resulting protocol, the punch-and-load
procedure, is extremely rapid, results in excellent recovery of RNA, and allows the direct

assay of mRNA levels in discrete regions of cryostat cut tissue sections.

Results

Ethidium Bromi ining of -RNA Formaldehyde-agarose Gel

Figure 4A shows the ethidium bromide-stained 2.2M formaldehyde-agarose (1.2%)
gel of duplicate punches of rat brain frontal cortex. Punch samples of 0.5 mm in diameter
(approximately 50 pg tissue, lanes 3 and 4) and 1.0 mm in diameter (approximately 200 ug
tissue, lanes 5 and 6) were processed by the punch-and-load procedure and photographed
under ultraviolet illumination. The 28s ribosomal RNA band of the FUV-denatured
punches comigrates with those of purified rat brain (lane 1) and liver (lane 2) RNA. This
similarity in migiation and band pattern signifies complete denaturation of intact RNA
present in the lysed punches and demonstrates the suitability of this RNA for hybridization
analysis. Subsequent densitometric and/or hybridization analysis of the 28s ribosomal

RNA offer alternative means of quantitating relative amounts of RNA present per FUV-
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denatured punch. The ethidium-bromide fluoresence at the bottom of each sample most
likely represents a mixture of transfer RNAs, solubilized proteins, and cellular debris,

present since whole tissue homogenates are being applied directly to the formaldehyde-

agarose gel.

napsi 1 i i Brain Fron
Total RNA isolated by the method of Chirgwin et al. (1979) and the punch-and-
load procedure have been usedrfor the detection and quantitation of mRNAs of the neuron-

specific rat synapsin I gene and 18s ribosomal RNA. Figure 4B shows an autoradiogram

of the formaldehyde-agarose gel depicted in Figure 4A after hybridization to a 32P-labeled

rat synapsin I cDNA probe. Both synapsin I mRNAs of 3.4kb and 4.5kb (Haas and
DeGennaro, 1988) were identified with little or no smearing in each of the four punch-and-
load samples (lanes 3-6). The sharp banding pattern seen in Figure 4B indicates that the
synapsin I mRNAs are intact and suggests efficient inactivation of cellular RNAses during
the homogenization step of the punch-and-load procedure. Liver RNA (lane 2), added as a
negative control, shows no hybridization signal with synapsin I cDNA as probe. Figure
4C illustrates the same RNA blot rehybridized to a 32P-labeled 18s ribosomal RNA cDNA
probe. Hybridization in the punch-and-load samples is detected as a single discrete band
migrating at approximately 1.8kb in length. No hybridization signals were detected in the
wells of the RNA blots with either the synapsin I or the 18s ribosomal RNA cDNA probes.
The above results demonstrate the capacity of the FUV-denaturing gel loading buffer to

thoroughly and reproducibly solubilize and denature different RNA species within the same

sample.

The punch-and-load procedure has been used in our laboratory to quantitate

synapsin I mRNAs from discrete regions of rat brain. Figure 5 presents a RNA blot



Figure 5. RNA blot autoradiogram of RNA from punch-and-load processed

samples from various rcgions of rat brain. Purified total rat brain RNA (3.3 ug,

lane 1) and duplicate 1.0 mm x 250 pm sample punches (lanes 2-7) were
‘ processed, electrophoresed, and blotted as described in the text. The filter was
: hybridized to a rat synapsin I cDNA probe labeled with [32P]-dCTP. The filter was
f‘ exposed to Kodak XAR-5 film with a Dupont Cronex intensifying screen for >4
:‘ days at -70°C. In all samples, intact synapsin I mRNAs of 3.4kb and 4.5kb were
identified on the autoradiogram, along with a 1.7kb synapsin I internal CRNA
standard (20 pg) added prior to sample homogenization to control for mRNA
recovery. The rat brain regions sampled were frontal cortex (lanes 2 and 3), dentate

| gyrus (lanes 4 and 5), and the lateral and medial amygdaloid nuclei (lanes 6 and 7).
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analysis of duplicate 1.0 mm FUV-denatured punches from various regions of rat brain
(lanes 2-7). Hybridization of synapsin I cDNA probes identified intact synapsin I mRNAs
of 3.4 kb and 4.5 kb, respectively, and a 1.7kb synapsin I internal cRNA standard (20pg)
added to control for mRNA recovery. Consistent with the RNA blof results described
earlier, sufficient RNA was present in one 50 - 200 pug punch from each of the dissected
brain areas to quantitate reproducibly the steady state levels of synapsin I mRNA.
Subsequent rehybridization of the blot to alternative probes of interest offers a quantitative
measure of differential gene cxbression in focal, discrete subregions of the mammalian
brain, a level of analysis previously hindered by a lack of rapid and reproducible RNA

microisolation techniques.

e . . csue T
The general applicability of the punch-and-load procedure for the analysis of
mRNAs in tissues other than rat brain has also been tested. Figure 6A shows the ethidium-

bromide stained gel of FUV-denatured punches of rat liver (lanes 2 and 3) and kidney
(lanes 4 and 5) compared with purified rat liver RNA (lane 1). Both the 28s ribosomal
RNA band and the 18s ribosomal RNA band are visible in the liver punch samples. Such
clear banding patterns in liver suggests an increased solubilization efficiency of the FUV-
buffer in this tissue. Since densitometric and hybridization analyses can be performed on
both ribosomal RNA species, RNA quantitation and standardization per punch are even
more reliable in this case. Figure 6B presents a RNA blot analysis of the gel in Figure 6A
using a 32P-labeled 18s ribosomal RNA cDNA as probe. Similiar results are obtained to
those shown in Figure 4C, where a sharp, distinct band of 1.8kb in length representing

intact 18s ribosomal RNA was easily identified.

Technical Considerati
Significant problems surfaced in the analysis of mRNA levels from pancreatic and
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striated muscle tissue. In the pancreas, high levels of RNAse activity overwhelmed the
FUV-buffer, resulting in degraded mRNA, as evidenced by a smeared or often non-
existent hybridization signal obtained when punch samples were probed with an alpha-
tubulin cDNA probe (data not shown). Striated muscle tissue pmseﬁted considerable
problems in the homogenization step of the technique, as indicated by a persistence of
cellular precipitates after homogenization. Subsequent electrophoretic analysis showed
incomplete denaturation of mRNAs on both the ethidium bromide stained formaldehyde-
agarose gel and alpha-tubulin probed RNA blot (data not shown).

Variation in hybridization signal seen in lanes 3 and 4, Figure 4C, and lanes 4 and
5, Figure 6B, suggest different levels of 18s ribosomal RNA in duplicate 1 mm punches.
In general, this variation was found to be due to inconsistant tissue sampling, where
differences in cell number between duplicate punches translate into differences in RNA
levels. To control for reproducible sampling of a cell cluster, punch positions should be
chosen that are similiar in cell density and number, with defined boundries and landmarks.
Additionally, a punch should be chosen whose internal diameter falls within the borders of
the cell cluster rather than one that samples the entire field.

One cannot rule out variation in hybridization signals which may be due to

problems at the level of RNA blotting. The results presented demonstrate that the punch-

and-load method is reproducibly useful for the detection and quantification of relatively

ﬁ | large mRNAs. However, smaller mRNAs which migrate near or within the smear of

‘ cellular debris present at the bottom of each formaldehyde-agarose gel may not transfer
efficiently. Further, hybridization to these RNAs may be hindered by the presence of this
same material on the RNA blot. Accordingly, to minimize problems inherent in RNA blot
analysi§ and to control for differences in hybridization efficiencies, accurate normalization
of RNA levels should be carried out with control probes which recognize RNA species of a

size similiar to that of the mRNA of interest.




Discussion

The main objective was to develop a simple and reliable procedure for the direct
analysis of mRNA levels in microgram quantities of frozen mammaﬁan brain. The
principle advantages of the punch-and-load procedure over conventional methods are
several. First, the procedure is extremely rapid. This minimizes time constraints inherent
in conventional RNA preparation methods and becomes especially useful for the
simultaneous processing of multiple samples. Second, it utilizes very small quantities of
tissue, approximately 50 - 200 Hg vs. >3 mg for rapid procedures, and >1-2 g for most
conventional RNA isolation and purification protocols. This is of particular significance to
the molecular neurobiologist, since it affords the researcher the opportunity to compare
specific mRNA levels in discrete brain areas or nuclei where tissue quantities are severly
limited. Third, the procedure is quantitative and reproducible, as mRNA levels from
duplicate samples can be easily normalized by hybridization to a known amount of added
synthetic cRNA external standard and/or relative amounts of 18s and 28s ribosomal RNA.
Fourth, the procedure is sensitive and results in excellent recovery of intact RNA. In our
hands, the punch-and-load technique can reproducibly detect on the order of 15-50
molecules of synapsin I mRNA per neuron. The degradation and loss of RNA is
minimized by the limited processing of samples in this procedure. The lack of
hybridization anywhere on the RNA blots other than to specifically targeted mRNAs
suggests complete recovery of both exogenous and endogenous RNAs. Finally, because
the rapid punch-and-load procedure is very simple, it circumvents the tedious and often
difficult nature of conventional RNA preparation protocols. Electrophoresis of multiple

samples can be underway within 30 minutes of tissue sectioning.
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Chapter IV

SYNAPSIN I GENE EXPRESSION DURING THE DEVELOPMENT
OF THE RAT NERVOUS SYSTEM

Introduction

In the adult rodent, biochemical (Walaas et al., 1983, 1988), immunological (Goelz
et al., 1981), and immunohistochemical (Bloom et al., 1979; De Camilli et al., 1983a,b;
DeGennaro et al., 1989; Sudhof et al., 1989; Apostilides et al., (in press)) studies all
indicate that synapsin I protein is widely, but not uniformly, distributed throughout the
central nervous system. During development, the appearance of synapsin I protein in the
neuropil coincides temporally and topographically with synaptogenic differentiation both in
vivo (Lohman et al., 1978; De Camilli et al., 1983; DeGennaro et al., 1983; Levitt et al,,
1984; and Mason, 1986; Moore et al., 1989) and in vitro (Bixby and Reichardt, 1985;
Weiss et al., 1986), and recent morphological and physiological studies by Han et al.
(1991) and Lu et al. (1992) suggest that the synapsins may participate in synaptogenic
differentiation and the functional maturation of synapses in the developing nervous system.

Given the various postulated roles for synapsin I in the development and function
of the nervous system, it is of particular importance to define and characterize the temporal
and spatial expression of the synapsin I gene during the development of distinct neuronal
populations. Thus far, the analysis of the expression of the synapsin I gene in
development has been limited to observations by RNA blot and in situ hybridization
analyses in the postnatal rat cerebellum (Haas and DeGennaro, 1988). In that study, the
peak expression of synapsin I mRNA in the developing cerebellum was shown to coincide

with the major period of synéptogenesis, occuring at approximately postnatal day 20 in the
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rat. The results reported are limited, however, in that they (1) do not detail the
developmental pattern of expression of the synapsin I gene across the entire central and
peripheral neuraxis, and more focally, (2) failed to resolve with precision the time of onset
of expression of the synapsin I gene. |

In this chapter, the first extensive in situ hybridization study describing the regional
and cellular localization of synapsin I mRNA throughout the rat central and peripheral
nervous systems during embryonic and postnatal development is presented. This study
was then extended to determine the precise time of onset of synapsin I gene expression
during the emergence of particular types of neurons in the developing central nervous
system. These results present a detailed description of the temporal and spatial expression
of the synapsin I gene during the embryonic and postnatal development of the nervous
system, as well as provide insight into the temporal onset of expression of the synapsin I
gene in relation to the state of differentiation of granule cell neurons of the hippocampus

and cerebellum.

Results

ificity of Detection of i RNA in the Nerv

In rat brain, the gene encoding synapsin I directs the synthesis of two classes of
mRNA of 3.4kb and 4.5kb in length, respectively (Haas and DeGennaro, 1988). The
3.4kb mRNA is comprised of two alternatively spliced transcripts encoding synapsin Ia
and Ib polypeptides (Sudhof et al., 1989). The complete sequence of the 4.5kb mRNA has
not been determined. To ensure that the Dde-I digested synapsin I cDNA probes used in
this study were specific for synapsin I mRNAs, RNA blot analysis was performed on total
RNA purified from adult rat brain. Figure 7 shows a RNA blot of 3.3 pg of guanidium
isothiocyanate-purified total rat brain RNA hybridized with radioactively-labeled Dde-I



Figure 7, RNA blot autoradiogram demonstrating specificity of Dde I-digested
synapsin I cDNA probes. Purified total rat brain RNA (3 pg) was prepared,
electrophoresed, blotted and hybridized as described in text. The synapsin I cDNA

probes recognized exclusively synapsin I mRNAs of 3.4 kb and 4.5 kb.
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digested synapsin I cDNA probe. Here synapsin I cDNA hybridized specifically with both
classes of synapsin I mRNAs, 3.4 kb and 4.5 kb, respectively. No hybridization was
detected on blots in which synapsin I cDNA was hybridized to liver and kidney RNA (data
not shown). |

To compare the relative levels of expression of synapsin I mRNA in different areas
of the rat central nervous system, RNA blot analysis was performed on RNA prepared
from various subregions of rat brain. Figure 8A presents RNA blot analysis of duplicate
1.0 mm tissue punches from discrete regions of the adult rat brain. The synapsin IcDNA
probes recognized exclusively synapsin I mRNAs of 3.4 kb and 4.5kb,and a 1.7 kb
synapsin I external RNA standard, in purified rat brain RNA (RB) and RNA from all brain
areas sampled (Ctx-MS). The strength of the hybridization signal obtained varied in
different brain regions, with the highest signal in the RNAs from the dentate gyrus and the
neocortex and the lowest in the RNA from the caudate nucleus.

The hybridization signals obtained by RNA blot analysis (Figure 8A) corresponded
with the pattern and strength of synapsin I mRNA hybridization localized in discrete
regions of rat brain by in situ hybridization (Figure 8B, C). Strong radioactive labeling of
granule cell neurons in the dentate gyrus (Figure 8C) corresponded to the highest level of
synapsin I mRNA detected by RNA blot analysis (Figure 8A). Lower hybridization
signals were obtained, in decreasing order of intensity, in the neocortex, central/lateral
amygdala, medial septum, and the caudate nucleus. In these areas, as above, the strength
of the hybridization signals revealed by in situ hybridization corresponded to the intensity
of signals obtained by RNA blot analysis.

This specificity is also apparent after hybridization, in situ, to sections of rat brain.
Emulsion autoradiography revealed that, throughout the brain, hybridization was restricted
to neuronal profiles and was essentially absent in white matter fiber tracts, meningies,
blood vessels, and the neuropil (Figure 9). For example, a comparison of dark- and
bright-field images of an emulsion autoradiogram of the dentate gyrus revealed




Figure 8. RNA blot analysis and in situ hybridization of synapsin I mRNA in rat
brain. (A) RNA blot autoradiogram of synapsin I mRNA levels in different brain
regions. Purified total rat brain RNA (3 pg) and RNAs prepared from various
regions of brain were processed, separated by electrophoresis, blotted and
hybridized as described in text. The strength of the hybridization signal obtained
varied in different brain regions, with the highest signal in the RNAs from the

dentate gyrus and the neocortex and the lowest in the RNA from the caudate

nucleus. (B-C) X-ray autoradiograms of coronal sections of adult rat brain

i hybridized with 35S-labeled synapsin I cDNA probes. In these sections, the

‘ strength of the hybridization signals revealed by in situ hybridization corresponded
to the intensity of signals obtained by RNA blot analysis. Amy, central/lateral
amygdala; CPu, caudate/putamen; Ctx, neocortex; DG, dentate gyrus; MS, medial
septum; RB, total rat brain RNA. Blots were exposed to Kodak XAR-5 film for 4
days. Sections were exposed to Kodak XAR-5 film for 10 days. Scale bar; B and

C, 1.5 mm.
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hybridization over the somata of granule cell and hilar neurons in this region (Figure 9A,
B). Labeling was distributed evenly over neurons of the granule cell layer and appeared
consistent along the entire length of the dentaie gyrus. Examination of the cells of the hilus
at high magnification showed labeling to be present over individual ﬁeuronal somata in this
region (Figure 9C).

To ensure that labeling of sections was specific to synapsin I mRNA, some sections
were co-incubated with a mixture of radioactively-labeled synapsin I cDNA probe and a
100-fold excess of unlabeled Synapsin I cDNA probe. In all control sections, no detectable

hybridization signals were obtained (data not shown).

1 N st i I Transcri
To define the pattern of expression of the synapsin I gene during the development
of the rat nervous system, the distribution and cellular localization of synapsin I mRNA
were examined in the developing rat central nervous system from embryonic (E) day E14
through postnatal (P) day P21 by in situ hybridization. A series of (>5) in situ
hybridization studies were conducted in coronal (Figures 8 and 9), parasagittal (Figures 10
and 11), and horizontal (Figures 11-15) planes of section. The hybridization signals were
characterized as light (+), moderate (++), and high (+++), as estimated by visual
comparisons of several autoradiographic films of sections hybridized to radioactively-
labeled synapsin I cDNA probes of comparable specific activities. After visual inspection
of autoradiographic signals, selected slides were processed for emulsion autoradiography

to examine more precisely the cellular localization of synapsin I mRNA.

Mapping of Synapsin I mRNA Throughout the Embryonic Rat Central
and Peripheral Nervous Systems
Synapsin I mRNA was detected in the nervous system by in situ hybridization from

the earliest time points assayed in the embryonic period (by embryonic day 12-14).
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Already by this stage of development, synapsin I mRN A was expressed heterogenously
throughout the central and peripheral nervous systems, and was most abundant in distinct
nuclei of the developing Mes-, Met-, and Myelencephalon (Figure 10). By comparison,
the Di- and Telencephalon displayed more moderate levels of synapsin I hybridization. In
the central nervous system, areas high in synapsin | mRNA by E16 were the hypothalamic
neuroepithelium, the anterior and intermediate thalamic neuroepithelium, the anterobasal
nucleus, the pons, the medulla, as well as the developing spinal cord (Figure 10). Areas
displaying moderate levels of synzipsin I hybridization were the superior and inferior
colliculus, the septum, the basal telencephalic plate, and the cortical neuroepithilium.

By embryonic day 14 through 16, synapsin I-specific hybridization was clearly
apparent in various ganglia in the peripheral nervous system of the embryonic rat.
Moderate levels of synapsin I hybridization were observed in the head of the ratin a region
identified as the sphenopalatine ganglion. More peripherally, synapsin I hybridization was
observed in moderate levels in the celiac and superior mesenteric ganglia of the gut, and at
higher levels in the dorsal root ganglia and sympathetic trunk.

By embryonic day 19, hybridization of synapsin I cDNA probes to neurons
forming distinct nuclei and recognizable tracts of cells in the rat central nervous system was
notably more apparent (Figure 11). In the telencephalon, hybridization appeared high in
the mitral cell layer of the olfactory bulb (Figure 11A), the CA3 field of the hippocampus

(Figure 11B, E), the cortical plate (Figure 11B), the piriform cortex (Figure 11D), and the

lateral septum (Figure 11B). Moderate synapsin I hybridization signals were detected in
the cortical subplate (Figure 11E) and in the medial septum (Figure 10C). Light
hybridization signals were observed in the caudate nucleus and putamen (Figure 11C). In
the diencephalon, labeling of synapsin I mRNA was high in the thalamus (Figures 11C,
F), the hypothalamus (Figure 11F) and the posterior pituitary (Figure 11E). In the

midbrain, synapsin I hybridization signals were high in the pontine nucleus (Figure 11G),

while the brainstem nuclei such as the superior and inferior colliculi displayed moderate







oda

\

Y —dwis

~—jedydg




'sKep Q1 I0J Uy G-y VX YePOY 01 pasodxa a1om SUORISE ‘snureey) ‘Y, ‘uonSues suneredouayds
‘redydg ‘snmorioo souadns ‘g okey 190 uorSues [eunal ‘uny ‘raponu sunuod ‘suoq Arennitd 1 ‘xauo0s uuoyund ‘ng ‘qinq

A1o10j10 ‘g ‘wmdas rerpaw ‘A ‘wmdas [eiate] ‘g ‘sndureaddiy ‘1 ‘snuwrereyiodAy ‘Y ‘arerdqns reon1od ‘gx) ‘arerd eoniod

3

dxD ‘uoureind/arepnes ‘ng) ‘wwnj2qa1d ‘q) ‘saqoxd yYNQO [ uisdeuds PA19qR-S¢¢ 01 PAZIPLIGAY suonoas (J-7) renidesered pue
(Q-V) reyuozuoy jo surerorpeioine Ael-x uonezipuqAy nis ur Aq peay el 6141 ur VNu | uisdeu£s jo uorssardxg 7T ainsig

iy






51

levels of synapsin | mRNA (Figure 11G). In the developing cerebellum, very light, if any,
labeling of synapsin I mRNA was observed (Figure 11F).

Hybridization to synapsin I cDNA probes was observed in regions of the rat head
outside of the brain. This hybridization signal was primarily restricted to cells of the
sphenopalatine ganglia (Figures 11E, F) and to the retinal ganglion cells (Figure 11D)

located in the innermost aspect of the retinal lamination.

Development of the Rat Brain

In situ hybridization to synapsin I mRNA at various stages of the postnatal
development of the rat brain (Figure 12) revealed similiar patterns of hybridization to those
observed in the adult (see Chapter V). As predicted by the pattern of expression at
embryonic day 19, synapsin I transcripts were already widely distributed in the rat brain at
postnatal day O (P0; day of birth). Furthermore, in a number of brain regions, the level of
expression of synapsin I mRNA observed at PO were comparable to those seen in the adult
rat brain, with the noteworthy exceptions (see below). The expression of the synapsin I
gene was particularly high in the mitral cells of the olfactory bulb (Figures 12A, D), the
cortex (including the entorhinal, piriform, cingulate and frontal corticies, Figures 12A-F),
the hippocampus (CA1-CA3 sectors, Figures 12A-F), the amygdala (Figure 12C), and the
red nucleus (Figure 12D). Other areas high in synapsin I hybridization not depicted in
Figure 12 are; the olfactory tubercle, paraventricular thalamic nuclei, the medial habenula,
the ventromedial nucleus of the hypothalamus, the substantia nigra compacta, and the
pontine nucleus. Synapsin I mRNA was expressed at lower levels in medial septum
(Figures 12A-F), the bed nucleus of the stria terminalis (Figure 12D), the parafascicular
nucleus (Figure 12F), the caudate nucleus (Figure 12A-F), and the putamen (Figure 12A-
F). Areas not shown which displayed lower hybridization signals are; the diagonal band of

Broca, dorsal lateral geniculate nucleus, the lateral habenula, the paraventricular




'sep O] 10J Wy G-YVX Nepo3] 01
pasodde atom suondsag ‘snafonu orwreey ‘Y, ‘snaponu renoiseyered ‘4 ‘qmnq A1o1oej0 ‘gO ‘wmdas [erpsw ‘S ‘qInq 1010810

oY) Jo Jake] (190 renmu ‘| ‘wimidas [e1aze] ‘ST ‘qnq A10108J[0 9Y) JO 13KR[ JR[IIaWO[S ‘[0 (XILI0D [BUIYIOIUD )T ‘STUAS SjeIusp
‘D {xau0509u ‘x1)) ‘udsureind-aepned ‘nd) ‘umyaqarsd ‘q) ‘snduresoddiy oy Jo SPAY VO VD) SI[BUTULIA BLOS 9 JO Sna[onu
reseq ‘1S9 'saqoad wNQo I utsdeuds pajaqe-S¢e 01 PoZIpLIGAY suondas jo sureiSorpeioine Ae1-xX (J-vy) ‘wmdos erpaw

Y} JO [2A9] 93 1k ureiq Jex Surdo[aAap [erewsod JO SUONIOIS [BIUOZLIOY UL YN | uisdeuAs Jo uonezipuqAy niis uj 7] oInsny






52

hypothalamic nucleus, and the superior and inferior colliculi.

In certain areas, the overall patterns of synapsin I mRNA expression underwent
extensive remodeling during the first two-to-three postatal weeks. For example, in the
postnatal development of the lateral septum and the anterior portions 6f the thalamus,
synapsin I hybridization intensity decreased dramatically between postnatal days 3 and 14
(Figures 12B-E). By contrast, the intensity of synapsin I hybridization signal increased
slowly over the entire developing cerebellum from birth and, after postnatal day 14,
hybridization to synapsin I probes inc;'eased dramatically in the developing granule cell
layer of the cerebellum (Figures 12B-F). Likewise, the intensity of hybridization to
synapsin I probes increased in the dentate granule cells of the developing hippocampus in
the postnatal period. Here, the hybridization signal in the hilus and dentate granule cell
layer increased rapidly to peak levels by postnatal day 6. From postnatal day 6 and
onward, hybridization remained at high, near adult levels in the developing dentate granule
cell layer, while synapsin I hybridization fell dramatically in the hilar region of dentate

gyrus (see below and Figure 14).

f th 1 i m

The main histogenetic events in the development of the rat cerebellum and
hippocampus have been extensively characterized (Altman and Das, 1965, 1966; Altman,
1972a,b,c; Bayer and Altman, 1974; Schlessinger et al., 1975; Stanfield and Cowan, 1979;
Bayer, 1980; Gaarskjaer, 1981, 1985; Crespo et al., 1986). These studies have shown
that granule cells in the developing rat cerebellum and hippocampus undergo the processes
of neurogenic and synaptogenic differentiation postnatally in the rat brain. Due to their well
characterized postnatal development and simple cytoarchitecture, the rat cerebellum and
hippocampus were chosen as in vivo model systems to study the temporal and spatial

appearance of synapsin I mRNA. Specifically, to correlate the onset of expression of the
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synapsin I gene with the state of differentiation of particular types of neurons in the
developing rat central nervous system, in situ hybridization was performed on serial
sections of rat brain from animials ranging in age from embryonic day 19 to postnatal day
21.

Postnatal Development of the Rat Cerebellum

The overall changes in the distribution and intensity of synapsin I hybridization in
the developing rat cerebellum are illustrated in Figure 13. The in situ localization of
synapsin I mRNA in young cerebella (P6) showed that synapsin transcripts were present at
high levels in cells located at the boundry to the immature internal granule cell layer, and in
lower, but still detectable, levels in the immature internal granule cell layer itself (Figure
13A). High power bright-field microscopy of this region revealed that the majority of
silver grains were concentrated over cells of the Purkinje cell layer (Figure 13B). No
synapsin I-specific hybridization signal was observed in the external granule cell layer or in
the primative molecular layer. During this period, Purkinje cells are beginning to
differentiate beneath the thin underdeveloped molecular layer, undifferentiated granule cells
reside in the external granule cell layer and the mature layered structure of the cerebellum
has not yet formed.

From postnatal day 11 through 14, synapsin I-specific hybridization throughout the
cerebellum was more intense than at earlier time points, with the most notable increase
observed in the cells of the developing internal granule cell layer (Figures 13C-F).
Additionally, during this period of development, hybridization to synapsin I cDNA probes
was observed in the external granule cell layer of the cerebellum. Within the external
granule cell layer, synapsin I mRNA was primarily detected in cells immediately adjacent to
the molecular layer. Cells in this region of the external granule cell layer make up the

premigratory zone, the portion of the external granule cell layer where undifferentiated




Figure 13. Low magnification dark-field photomicrographs of emulsion
autoradiograms of cells of the developing rat cerebellum hybridized to 35S-labeled
synapsin I cDNA probes. EGL, external granule cell layer; IGL, internal granule
cell layer; ML, molecular layer; PCL, Purkinje cell layer. Emulsion-coated sections

were exposed for 2 weeks.
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granule cell precursors begin to undergo the process of neuronal differentiation. However,
no synapsin I-specific hybridization signal was observed in the overlying cells of the
proliferative zone, the region of the external granule cell layer comprised entirely of
undifferentiated, mitotic stem cells. At postnatal day 14, synapsin I gene expression
continued in the premigratory zone of the external granule cell layer, although, the width of
this region has decreased as cells within this zone continue to differentiate and migrate into
the internal granule cell layer (Figures 13E, F).

From postnatal day 21 onward, synapsin I gene expression was detectable in the
internal granule and the Purkinje cell layers, but not in the external granule cell layer, as
only remnants of this cell layer remain at this time in the development of the rat cerebellum
(Figures 13G, H). In accord with prior analyses (Haas and DeGennaro, 1988), we found
the synapsin I-specific hybridization signal increased significantly at postnatal day 21 in the
internal granule cell layer of the developing rat cerebellum, coinciding with a population of
granule cells undergoing a particular phase of differentiation, i.e., synaptogenesis (Figure

13G).

Postnatal Development of the Rat Hippocampus

In the fetal rat brain (E19), hybridization to synapsin I probes was observed in ail
subregions of the hippocampus (Figure 14). In particular, hybridization was high in the
CA3 field of the hippocampus, while hybridization in the CA1 zone is more moderate and
scattered (Figure 14A). In the zone which is to become the hilus (the region where dentate
granule neurons originate in development), the synapsin I-specific hybridization signal was
low and diffusely scattered (Figure 14A). At this stage of development the laminar
structure of the dentate gyurs has not formed as the undifferentiated grahule cell precursors
still reside in the zone which is to become the hilus.

In the neonatal hippocampus (PO and P3), while the overall pattern of hybridization



Figure 14, Expression of synapsin I mRNA in horizontal sections of the
developing rat hippocampus. (A-F) Dark-field photomicrographs of emulsion-
coated sections of the developing rat hippocampus (E19 - P21) hybridized to 358-
labeled synapsin I cDNA probes. CA3; CA3 field of the hippocampus; DG, dentate

granule cell layer; H, hilar region. Emulsion-coated sections were exposed for 2

weeks.
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to synapsin I probes remained similar to that seen at fetal time points, the synapsin I-
specific hybridization signal changed in particular subregions. For example, hybridization
in hippocampal subfield CA1 displayed a thinner, more concentrated signal than at earlier
time points, while high levels of synapsin I-specific hybridization wefe relatively
unchanged in CA3 (Figures 14B,C). Also, in the dentate gyrus, synapsin I-specific
hybridization signal was now observed in the developing ectal blade of the dentate gyrus,
as well as in the cells of the hilar region (Figures 14B,C). In these regions, emulsion
autoradiography revealed hybridizaﬁon over the somata of individual granule cell neurons
in the hilus and the ectal blade of the developing dentate gyrus. In fact, examination of the
cells of the hilus and the ectal dentate gyrus at high magnification revealed silver grains
deposited over a variety of granule cell types in this region, as well as over the larger
polymorphic hilar neurons (Figures 15B,C). More specifically, synapsin I-specific
labeling was present over mature, differentiated granule cell neurons which reside in the
superficial aspects of the granule cell layer of the dentate gyrus (superficial dentate gyrus)
as well as over spindle-shaped, immature differentiating granule cells situated in the more
basal portions of the dentate granule cell layer (basal dentate gyrus) and in the hilus. No
appreciable labeling was observed over undifferentiated precursors or glial cells in these
regions.

By the end of the first week of postnatal development, approximately between
postnatal days 6 and 9, hybridization to synapsin I probes changed dramatically in the
dentate gyrus and hilar region of the hippocampus (Figure 14). On or around postnatal day
6, coinciding with the peak period of granule cell neurogenesis, a strong burst of
hybridization to synapsin I probes was observed in the hilar region of the dentate gyrus
(Figure 14D). This dramatic increase in synapsin I-specific hybridization signal in the hilus
was accompanied by a parallel increase in hybridization signal in the granule cell layer of
the dentate gyrus (Figure 14D). In fact, at this developmental time point, synapsin I-

specific hybridization signal reached its high, near adult level in the developing dentate
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granule cell layer (Figures 12, 14D-E, and 15D-E). High magnification photomicrographs
revealed accumulations of silver grains deposited over individual hilar neurons and the
majority of granule cells in the hilus and the dentate gyrus proper (Figure 15D). Asat
earlier stages in the neurogenic development of the granule cell layer -of the dentate gyrus,
high-to-intense hybridization signal was observed over mature, differentiated granule cells
in the superficial dentate gyrus, and at lower, but still high levels in the immature spindle-
shaped differentiating granule cells in the basal dentate gyrus.

By postnatal days 14 through 21, the burst of synapsin I-specific hybridization in
the hilus has subsided, as the peak period of neuronal differentiation of granule cells in the
hilar region of the dentate gyrus has passed. As evidenced by heavy accumulations of
silver grains, intense levels of expression of synapsin I mRNA were now observed in
individual large polymorphic neurons in the hilar region (Figures 14E and 15E) and
mature, differentiated granule cells in the superficial dentate gyrus (Figure 15E).
Additionally, during this period of hippocampal development, elevated levels of synapsin I-
specific hybridization were now observed in the more intermediate and basal aspects of the
developing dentate gyrus. Hybridization to immature, differentiating granule cells was also

evident still in the basal dentate gyrus.

Discussion

Several recent studies have postulated a role for the synapsins in the development of
the nervous system (Han et al., 1991; Lu et al., 1992). Taken together, these studies
suggest that these proteins may play a causal role in synaptogenesis by promoting synapse
differentiation and the functional maturation of developing synapses in the nervous system.

To better understand the relationship between synapsin I and particular cellular events

during development in vivo, in situ hybridization histochemistry was used to localize the




Figure 15, High magnification autoradiographic location of synapsin I mRNA in
regions boxed in Figure 7. Emulsion autoradiograms of cells of the developing rat
dentate gyrus hybridized to 35S-labeled synapsin I cDNA probes. DG, dentate

granule cell layer; H, hilar region.
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expression of the synapsin I gene throughout the rat central and peripheral nervous systems
through embryonic and postnatal development. These studies were then extended to
determine precisely the temporal onset of expfession of the synapsin I gene during nervous
system development. The results present a detailed description of the spatial distribution of
synapsin I mRNA during the development of the entire central and peripheral neuraxis, as
well as provide insight into the temporal onset of expression of the synapsin I gene in
relation to the state of differentiation of particular types of neurons in the developing rat

central nervous system.

Localization of S 0 ] RN/
Synapsin I cDNA probes revealed specific patterns of hybridization in different

regions of the rat brain by RNA blot analysis and in situ hybridization. By RNA blot
analysis, synapsin I cDNA probes recognized exclusively synapsin  mRNAs of 3.4kb and
4.5kb. The intensity of synapsin I mRNA hybridization varied in RNA prepared from
different regions of the rat brain, suggesting differential levels of expression of synapsin I
mRNA s in these areas. By in situ hybridization, similiar patterns of hybridization
emerged, and the intensity of synapsin I mRNA labeling in discrete subregions of the rat
brain revealed by in situ hybridization corresponded with the strength of the hybridization
signals obtained by RNA blot analysis (Figure 7). Synapsin I mRNA labeling was clearly
neuron-specific (Figure 8), consistent with previous immunocytochemical and limited in
situ hybridization data showing that synapsin I protein (De Camilli et al., 1983a,b; Huttner
et al., 1983) and mRNA (Haas and DeGennaro, 1988) are present only within neurons in

the central nervous system.

napsi in th i natal Nerv
The in situ hybridization data presented clearly indicate that the synapsin I gene is

expressed in nervous tissue throughout the various stages of the development of the rat
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embryo from the earliest embryonic time point examined (E12-data not shown). In
general, the regional levels of synapsin I mRNAs were high in utero, although synapsin I
cDNA probes revealed specific patterns of hybridization in different regions of the
embryonic rat central and peripheral nervous systems. For example, by embryonic day 14-
16, areas notably abundant in synapsin  mRNA were the hypothalamic neuroepithelium,
the anterior and intermediate thalamic neuroepithelium, the anterobasal nucleus, as well as
the spinal cord.

Later in the development of the nervous system, by embryonic day 19 - postnatal
day O (day of birth), more subtle differences in the levels of synapsin I mRNA expression
could be observed. Through this period of development, an abundance of synapsin I
mRNA was found in the CA3 field of the hippocampus, the mitral cell layer of the olfactory
bulb, the piriform cortex, and the posterior pituitary (at E19), however, other areas notably
abundant in synapsin I mRNA at this stage in development were the thalamus, the
hypothalamus, the lateral septum, and the developing neocortex. Together with the recent
morphological and physiological studies by Han et al. (1991) and Lu et al. (1992), these
data can be taken as strong indication for a role of the encoded protein in very early nervous
system development.

During postnatal development, the appearance of synapsin I protein in the neuropil
coincides with the peak period of synapse formation throughout the forebrain and
cerebellum (Lohman et al., 1978; Mason, 1986; Moore and Bernstein, 1989). Data
presented here reveals that, from the earliest stages of the postnatal development of the rat
brain, the distribution of synapsin I mRNA is remarkably similiar to the pattern of -
hybridization observed in the adult (Figure 12 and see Chapter V, Figure 16). The fact that
high levels of synapsin I mRNA are already present by PO (the day of birth) throughout
most of the developing rat forebrain, and by postnatal days 6 - 11 in the Purkinje, and
internal and external granule cell layers of the developing cerebellum, suggests that the

temporal onset of synapsin I gene expression precedes the process of synaptogenesis,
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which occurs mainly between postnatal days 7 - 30 in the developing forebrain (Aghajanian
and Bloom, 1967), and between postnatal days 18 - 30 in the developing rat cerebellum
(Altman, 1972c). A correspondence of these results with those obtained from previous
studies of the expression of synapsin I protein throughout the develoément of the rat brain
is not immediately evident, however. For example, synapsin I protein levels, as assessed
by endogenous phosphorylation (Lohman et al., 1978) and in vitro translation (DeGennaro
et al., 1983) assays, are low in the brains of newborn rats, yet the results presented here
show clearly that synapsin I mRNAs are abundant throughout the entire neuraxis by this
stage in development. Although caution must be exercised when comparing differences
between levels of mRNA localized in situ, and protein generated or modified in vitro, the
discrepancy between mRNA and protein levels opens the possibility of post-transcriptional
control of synapsin I gene expression. In this regard, more focused studies examining in
detail the relative levels of synapsin I mRNA and protein present in the somata and
presynaptic terminal fields of developing and adult neurons will be necessary to decipher at

what further level synapsin I gene expression is regulated.

When synapsin I cDNA probes were used for in siru hybridization on sections of

whole rat embryos, synapsin I mRNAs were detected heterogenously throughout the
central and peripheral nervous systems from the earliest time points assayed (see Figure
10). Thus, to link the onset of synapsin I gene expression to particular cellular events in
the development of the nervous system, it was necessary to study a population of neurons
whose birth and maturation occured later in development, preferably occuring during the
postnatal period. As in vivo model systems, the granule cell neurons of the developing
cerebellum and hippocampus meet these criteria; the cerebellum developing primarily
between postnatal days 5 and 21, and the hippocampus between embryonic day 17 and



postnatal day 14. Therefore, to decipher the temporal onset of expression of the synapsin I
gene in development, we performed in situ hybridization histochemistry with radioactively-
labeled synapsin I cDNA probes on horizontal sections of postnatal rat cerebella and

embryonic and postnatal rat hippocampus.

The neurogenesis and morphogenesis of the cerebellum in the developing rodent

central nervous system has been extensively studied and characterized (Altman and Das,
1966; Altman, 1972a,b,c). These studies have shown that cells in the rat cerebellum
undergo the processes of neurogenic and synaptogenic differentiation postnatally. The
adult rat cerebellar cortex is composed of three principle layers: (1) a superficial cell-free
molecular layer composed of a dense plexus of fiber processes, (2) a thick internal granule
cell layer (IGL), and at the interface between the two, (3) a single-cell-thick layer of
Purkinije cells. At birth (PO), however, the composition of the cerebellar cortex differs
from that of the adult in that there exists a fourth layer of cells, the external granule cell
layer (EGL), which is composed primarily of small, darkly staining, often mitotic, cells.
At this stage of development, directly beneath the external granule cell layer resides a thin
underdeveloped molecular layer, and then a layer of undifferentiated Purkinje cells, several
cell layers thick, which merge with the underlying internal granule cell layer.

In the postnatal development of the cerebellum, the Purkinje cells are the first cell
population to differentiate. By postnatal day 6 undifferentiated Purkinje cell precursors
stacked 2-3 cells deep in the Purkinje cell layer begin to differentiate directly beneath the
still very.thin, underdeveloped molecular layer (Altman and Das, 1966; Altman, 1972b).
At this stage of development the external granule cell layer is composed primarily of
undifferentiated granule cells and the layered structure of the cerebellum has not yet

formed. As development proceeds, the Purkinje cell layer decreases in thickness until
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about postnatal day 20 when the Purkinje cells assume their normal distribution in a single
cell layer positioned at the interface between the molecular and internal granule cell layers.
The beginning of the development of the intcrﬁal granule cell layer coincides with the
development of the Purkinje cell layer. From this stage in developmént, granule cells in the
 premigratory zone of the external granule cell layer (inner 2/3) differentiate, become motile,
and migrate through the molecular layer, to the internal granule cell layer (Atman and Das,
1966; Altman, 1972a,c). This process of differentiation and migration continues resulting
in the dissolution of the external granulc cell layer until only vestiges of it remain at
postnatal day 20. By postnatal day 20 the superficial molecular layer and the internal
granule cell layer have essentially assumed their adult appearance.

The in situ hybridization data presented here revealed two phases of synapsin I gene
expression in the developing rat cerebellum. First, the tcfnporal onset of expression of the
gene (the onset of appearance of synapsin I transcripts) coincides with the period of
neurogenesis, between postnatal days 5 and 21 of rat cerebellar development. The heavy
accumulation of silver grains present over individual Purkinje cell bodies in young cerebella
(P6) reflects the production of synapsin I mRNA concommitant with the period of
neurogenic differentiation of these cells (Figures 13A, B). At this stage of development,
no synapsin I-specific hybridization signal was observed in the external granule cell layer,
and very little in the internal granule cell layer.

From postnatal day 11, synapsin I mRNA was localized to both the internal and
extemal granule cell layers, as well as in the Purkinje cell layer. Here, the pattern of
hybridization observed is consistent with the onset of the expression of synapsin I mRNA
occuring during the period of neurogenic differentiation of granule cells in the external
granule cell layer of the developing cerebellum. At postnatal day 11 synapsin I mRNA was
detected in the premigratory zone of the external granule cell layer (a zone comprised of

differentiating granule cell neurons) but not in the overlying proliferative zone (the region

of the external granule cell layer comprised entirely of undifferentiated, mitotic stem cells).




The width of the synapsin I-specific hybridization signal in the external granule cell layer is
greatest at postnatal day 11 as a large number of precursor cells in this region become
postmitotic and begin to differentiate (Figures 13C, D). By postnatal day 14, the width of
the synapsin I-specific hybridization signal in the external granule cell layer is thinner, as a
number of differentiated granule cell neurons have exited from this zone and migrated to
their final position within the internal granule cell layer (Figures 13E, F). Additionally, a
general increase of synapsin I mRNA was detected in the internal granule cell layer as the
number of granule cell neurons residing in this cell layer increases through this period of
cerebellar development. Subsequently, by postnatal day 21, synapsin I hybridization in the
external granule cell layer has disappeared as only remnants of this region exist by this
point in development. Therefore, through postnatal development of the rat cerebellum, the
temporal onset of synapsin I gene expression is consistent with the neurogenic pattern of
differentiation of the Purkinje and granule cell neurons.

By postnatal day 21, the neurogenic and morphogenic development of the
cerebellum has ended and the internal granule cell layer, the Purkinje cell layer, and the
molecular layer have essentially assumed their adult appearance. From this stage of
development, in situ hybridization revealed the second phase of synapsin I gene expression
in the rat cerebellum. In accord with prior Northern blot and ir siru hybridization analyses
(Haas and DeGennaro, 1988), a sharp increase in the synapsin I-specific hybridization
signal was observed in the internal granule cell layer of the developing rat cerebellum
(Figures 12 and 13). By emulsion autoradiography, examination of the cells of the internal
granule cell layer at high magnification revealed a heavy, clustered accumulation of silver
grains over individual granule cell neurons (data not shown). As detailed by Haas and
DeGennaro (1988), the pattern and intensity of synapsin I-specific hybridization in the
internal granule cells at this stage in their development is consistent with an increase in
synapsin I mRNA production during the period of synaptogenic differentiation of the
granule cell parallel fibers on the dendrites of cerebellar Purkinje cells and with the
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accumulation of synapsin I protein in the molecular layer of the cerebellum during this same

phase of cerebellar development (De Camilli et al., 1983; Mason et al., 1986).

As in the cerebellum, the cytogenesis and morphogenesis of the hippocampus has

been extensively studied in the rodent central nervous system (CNS). One feature of

hippocampal neurogenesis which has emerged from these studies is that 80-90% of the

granule neurons of the dentate gyrus are generated and mature during well established

developmental periods, characteristically occuring postnatally in the mouse and rat. In the

rat, the first granule cell precursors are born of neuroepithelial origin in the adjoining

ventricular system between embryonic days 14 and 17 (Hine and Das, 1974; Schiessinger . '
et al 1975, Bayer, 1980a). These cells migrate to the tip of the developing CA3 field of the |
hippocampus and establish a new proliferatve zone in the region that is to become the hilus, |
from which new granule cells (>85%) continue to be produced beyond postnatal day 18

(Bayer 1980a) and into the adult period (Altman and Das, 1965; Bayer and Altman, 1974;

Kaplan and Hinds, 1977; Bayer et al., 1982). During hippocampal development, the

morphogenesis of the dentate granular layer follows the pattern of neurogenesis. By the

day of birth (P0), undifferentiated granule cell precursors and immature differentiating

granule cells migrate radially from the hilus and gradually accumulate in the granular layer,

stacked in ordered fashion such that later-generated cells are added to the base of the

granule cell layer (Altman and Das, 1965; 1966; Altman, 1966; Bayer and Altman, 1974;
Schlessinger et al., 1975; Bayer, 1980; Crespo et al., 1986). As development continues,
the morphogenéSis of the dentate gyrus proceeds from the tip of the lateral (ectal) wing to |
the medial (endal) wing, as in general, earlier formed neurons are destined for the ectal

wing of the dentate and later forming neurons are distributed to the crest and the endal

wing, respectively (Bayer and Altman, 1974; Schlessinger et al., 1975; Bayer, 1980).



Between postnatal days 5 - 8, during the peak period of cell proliferation and neuronal

 differentiation in the hilar region of the developing dentate gyrus, it is probable that as
many as 30% - 40% of the total number of granule cells to be generated are born. By
postnatal day 21 approximately 80% of adult level of mature granule cells are acquried by
the granule cell layer, and the morphological pattern is essentially that observed in the adult
(Bayer and Altman, 1974, Bayer 1980, Gaarskjaer, 1985).

As in the developing rat cerebellum, the temporal onset, pattern and intensity of
expression of the synapsin I gene coincides with the neurogenic, morphogenic, and
synaptogenic patterns of differentiation and development of the granule cell population of
the hippocampus. From embryonic day 19 to the day of birth (P0), the low levels of
synapsin I mRNA expressed in the hilar region and dentate granule cell layer reflect the
amount of neurogenesis occuring within that zone, as <14% of mitotic stem cell precursors
have differentiated into granule cell neurons. Perhaps the most compelling evidence that
the temporal onset of expression of the synapsin I gene coincides with dentate granule cell
neurogenesis is the sudden burst of synapsin I mRNA expression observed in the hilar
region of the hippocampus on or around postnatal day 6 of development (Figure 14C,D).
This developmental stage (postnatal day 5-8) is characterized typically by a burst of cell
proliferation and neuronal differentiation in this region resulting in the birth of at least
50,000 granule cell neurons each day (Bayer and Altman, 1974; Schlessinger et al., 1975).
Then, by postnatal day 14, as the peak period of neurogenic differentiation in the hilus
passes, the burst of synapsin I mRNA expression observed in this region decreases
dramatically, as <15% of the granule cells found in the adult dentate gyrus are born
between postnatal days 12 and 15.

At posti;atal day 21, synapsin I mRNA expression within the hilus is restricted
primarily to large hilar neurons scattered throughout this region. By this stage in the
development of the hippocampus, the overall pattern of expression of the synapsin I gene is

reminiscent of that in the adult (as described in Chapter V of this dissertation), where high-
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to-intense levels of synapsin I mRNA were detected in "mossy" or hilar neurons and the
granule cell neurons of the dentate gyrus. As previously stated, by postnatal day 21,
approximately 80% of the adult level of mature granule cells are positioned in the granule
cell layer, and the morphological pattern is essentially that observed in the adult. Thus,
through the postnatal development of the hippocampus, the onset and pattern of synapsin I
gene expression are consistent with both the neurogenic and morphogenic patterns of
differentiation and development of granule cells of the dentate gyrus.

Further, as seen in the developing cerebellum, the intensity of hybridization to
synapsin I cDNA probes in the granule cell neurons suggests that the expression of the
synapsin I gene is regulated additionally by synaptogenic differentiation of neurons in the
central nervous system (Haas and DeGennaro, 1988). Studies by Gaarskjaer (1978, 1981,
1985) and Amaral and Dent (1981) have shown that in the adult dentate gyrus, the granule
cell axons or "mossy fibers" of earlier formed granule cells are longer and more divergent
than the fibers from granule cells that form later, and that during development it is the
earliest forming granule cell neurons that are the first to undergo the process of
synaptogenesis ‘by directing the outgrowth of pioneer fibers locally within the hilar region.
Since earlier-formed neurons are positioned in the more superficial aspects of the
developing dentate granule cell layer (Altman and Das, 1965; 1966, Altman, 1966; Bayer
and Altman, 1974; Schlessinger et al, 1975; Bayer, 1980; Crespo et al., 1986), it is these
neurons that are the first to establish synaptic contact in the hilar region. In the rat, the
process of synaptogenesis of dentate granule cell neurons begins prenatally and continues
into the third postnatal week of development (Gaarskjaer, 1981, 1985). Thus, if synapsin
I gene expression is also modulated concurrently with synaptogenic differentiation in the
granule neugbns in the developing dentate granule cell layer, neurons in the superficial
dentate gyrus should express elevated levels of synapsin I mRNA early during postnatal
development, whereas levels in the intermediate and basal regions of the dentate gyrus

should increase later in development.



Between postnatal days 6 and 14, emulsion autoradiography revealed heavy

accumulations of silver grains present over older, more mature and differentiated granule
cells residing in the superficial dentate gyrus, with lower levels distributed over spindle-
shaped, immature differentiating granule cells located throughout the' hilus and basal dentate
gyrus (Figure 14). As development proceeds (postnatal days 14 through 21), heavy
accumulations of silver grains were observed over neurons in the more intermediate and
basal portions of the dentate granule cell layer, as more neurons in these regions become
fully mature and begin to undergo synaptogenic differentiation. These results reveal
elevated levels of synapsin I gene expression are correlated with the synaptogenesis of
granule cell neurons in the developing hippocampus, as well as cerebellum.

In conclusion, the data presented in this chapter identify two distinct phases of
synapsin I gene expression during the development of the rat central nervous system. The
first phase of expression reflects the temporal onset of expression of the synapsin I gene.
The in situ hybridization data presented in this chapter clearly show that the temporal onset
and pattern of synapsin I gene expression are consistent with the neurogenic patterns of
differentiation of individual populations of neurons in the developing nervous system, most
notably the granule cell neurons of the developing rat cerebellum and hippocampus.
Furthermore, it was shown that a second phase of synapsin I gene expression correlates
with the synaptogenic differentiation of neurons. That is, by in situ hybridization it was
confirmed that the level of expression of the synapsin I gene is also regulated in a fashion
coordinate with the major period of synaptogenesis in the developing cerebellum as
reported by Haas and DeGennaro (1988), and further demonstrated the presence of
elevated levels of synapsin I gene expression in cells undergoing synaptogenesis in the
dentate granule ¢ell layer of the developing rat hippocampus.

The appearance of synapsin I mRNA immediately upon the neurogenic
differentiation of precursor cells supports the suggestion that synapsin I protein plays a role

in the morphological and functional maturation of neurons and of the neuronal secretion
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mechanism. Viewed from the standpoint of neuronal competition, high levels of synapsin I
gene expression before synaptogenesis may preload neurons to allow for rapid synapse
formation upon contact with a limiting number of targets. Further study, detailing a
comparision between the expression synapsin I mRNA and protein during the development
of defined circuits of the brain, as well as perhaps the production of transgenic mouse
mutants of the synapsin I gene, will be necessary to better understand the precise role of the

synapsin I protein in the development of the nervous system.
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Chapter V

SYNAPSIN I GENE EXPRESSION IN THE ADULT CENTRAL NERVOUS
SYSTEM WITH COMPARATIVE ANALYSIS OF mRNA AND PROTEIN
IN THE HIPPOCAMPUS

Introduction

Synapsin I protein is widely distributed in nerve terminals throughout the
mammalian central nervous system (De Camilli et al., 1983a,b; DeGennaro et al., 1989;
Sudhof et al., 1989; Apostolides et al., in press). The pattern of distribution, however, is
not uniform across the neuraxis, and it has been postulated that this differential distribution
reflects differences in the functional properties of central synapses (Sudhof et al., 1989;
Apostolides et al., in press). At present no data are available which detail the spatial
distribution and comparative levels of expression of the synapsin I gene (mRNA and
protein) in the adult central nervous system. Such a map of the intensity of synapsin I gene
expression would provide insight into the specific properties and functional requirements of
those neurons whose termini comprise central synapses. In this chapter, in situ
hybridization histochemistry employing radioactively-labeled synapsin I cDNA probes was
performed to examine the regional and cellular distribution of synapsin I mRNA in the adult
rat central nervous system. Then, focusing on the rat hippocampus as a model system, in
situ hybridization and immunohistochemistry were employed to compare the relative levels
of expressioﬁ of synapsin I mRNA and protein within defined synaptic circuits of the

brain.
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Results

To detail the distribution of synapsin I mRNA in the adult rat brain, several (>7) in
situ hybridization studies were conducted in horizontal (Figures 16, 18, and 20), and
parasagittal (Figure 17) planes of section. In this study, hybridization signals were
characterized as light (+), moderate (++), high (+++) and intense (++++), as estimated by
visual comparison of several autoradidgmphic films of sections hybridized to radioactively-
labeled synapsin I cDNA probes of comparable specific activities (Table 1). In each in situ
hybridization run, this relative scale was used to describe the intensity of the hybridization
signals from the different rat brain regions. This scale consistently assigned the CA3
neurons of the rat hippocampus the highest hybridization intensities and the caudate nucleus
the lowest. After visual inspection of autoradiographic films, selected slides were
processed for emulsion autoradiography to examine more accurately synapsin I mRNA

distribution and cellular localization.

Telencephalon
Olfactory bulb. Intense labeling was observed in discrete layers of the olfactory

bulb (Figures 16 and 17). Intense labeling was seen over the cells of the mitral and internal
granular layers (Figures 16G, 17E). Light-to-moderate labeling was observed over cells of
the glomerular layer (Figures 16F, G). Little or no labeling was detected over the external
plexiform and olfactory nerve layers.

Cortex. Synapsin I mRNAs were concentrated in the entorhinal, piriform,
cingulate, and frontal cortices (Figures 16-18, 21). High-to-intense synapsin | mRNA
levels were detected in neocortical lamina II and the upper parts of lamina V (Figures 16B,
18A,B). The parasubiculum was intensely labeled (Figures 16B-E, 21B), as were the
lamina II neurons of the piriform cortex (Figures 161, 17A, 18D) and laminae I and V of
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the entorhinal cortex (Figures 16C, 18C, 21B). Moderate synapsin I hybridization signals
were observed primarily in laminae IIT, IV and VI of the neocortex (Figures 16B-E, 18A,
B). |

Basal forebrain and basal ganglia. In the basal forebrain, labeling of synapsin I
mRNA was high in the olfactory tubercle and moderate in the bed nucleus of the stria
terminalis, diagonal band of Broca, and medial septum (Figure 16F-H). Light
hybridization was observed in the lateral septum (Figures 16C-G). In the basal ganglia the
caudate-putamen was among the lightest hybridizing areas of the rat brain (Figures 16B-H,
18).

Amygdala. Both the anterior basolateral and the lateral nucleus of the amygdala
exhibited high levels of synapsin ImRNA (Figures 16G-1, 17A), while the medial division
of the central nucleus contained moderate amounts (Figures 16F-I). The least pronounced
hybridization in the amygdala came from the lateral division of the central nucleus (Figures

16F-I).

Hippocampus, The large pyramidal neurons of hippocampal fields CA3 and CA4
consistently revealed the highest density of hybridization throughout the adult rat brain
(Figures 16, 18G, 21B). Similiarly, high-to-intense levels of synapsin I mRNA were
detected in the "mossy cells" or hilar neurons of the dentate gyrus (Figures 16E, 21B).
Labeling of synapsin I mRNA was notably high over pyramidal cells in layers CAl and
CA2 and the granule cells of the entire dentate gyrus (Figures 16D, 17C, 18E, F, 21B).

Diencephalon
Thalamus. High hybridization signals were present in the anterodorsal and
paraventricular thalamic nuclei (Figures 16C, D and 17D). In contrast, light-to-moderate
labeling was generally observed in most remaining thalamic nuclei, including both the
ventrolateral and the dorsomedial divisions of the anteroventral nucleus, and the

parafasicular nucleus (Figure 16E). Particularly light labeling was observed in the ventral
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Figure 16, Distribution of synapsin I mRNA in horizontal sections of adult rat
brain by in situ hybridization. .(A-I) X-ray autoradiograms of sections hybridized
to 33S-labeled synapsin I cDNA probes. V, lamina V of the neocortex; AD,
anterodorsal thalamic nucleus; BSTM, bed nucleus of the stria terminalis, medial;
CA3, CA3 field of the hippocampus; Cb, cerebellum; CG, central gray; CPu,
caudate/putamen; Ctx, neocortex; DG, dentate gyrus; Dtg, dorsal tegmental nucleus;
EC, entorhinal cortex; Gl, glomerular layer; GP, globus pallidus; IC, inferior
colliculus; IGr, internal granular layer; La, lateral amygdala; LS, lateral septum; M,
mitral cell layer; MHb, medial habenula; MS, medial septum; PaS, parasubiculum;
PF, parafasicular thalamic nucleus; Pir, piriform cortex: PVA, paraventricular
thalamic nucleus, anterior part; R, red nucleus; SC, superior colliculus; SNC,
substantia nigra pars compacta; STh, subthalamic nucleus; Tu, olfactory tubercle;
VLG, ventral lateral geniculate nucleus; VM, ventromedial thalamic nucleus.

Sections were exposed to Kodak XAR-5 film for 10 days. Scale bar, 4 mm (for all

panels).







Figure 17. In situ hybridization of synapsin I mRNA in parasagittal sections of
adult rat brain. (A-F) X-ray éutoradiograms of sections hybridized to 35S-labeled
synapsin I cDNA probes. V, lamina V of the neocortex; 7, facial nucleus; AD,
anterodorsal thalamic nucleus; AHi, amygdalohippocampal area; CA3, CA3 field of
the hippocampus; Cb, cerebellum; CGD, central gray, dorsal part; CGPn, central
gray of the pons; DG, dentate gyrus; DLG, dorsal lateral geniculate nucleus; IC,
inferior colliculus; LA, lateroanterior hypothalamic nucleus; MCLH, magnocellular
nucleus of the lateral hypothalamus; MGD/V, medial geniculate nucleus, dorsal and
vental parts; MS, medial septum; OB, olfactory bulb; Pir, piriform cortex; PMV,
premammillary nucleus, ventral part; Pn, pontine nuclei; RtTg, reticulotegmental
nucleus of the pons; STh, subthalamic nucleus; VMH, ventromedial hypothalamus;
VPL, vental posterolateral thalamic nucleus; VTA, ventral tegmental area; VTg,

ventral tcginental nucleus; ZI, zona incerta. Sections were apposed to Kodak XAR-

5 film for 10 days. Scale Bar, 4 mm (for all panels).
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posterolateral thalamic nucleus and the dorsal lateral geniculate nucleus (Figure 17B).

Habenula, The medial habenula contained moderate-to-high levels of synapsin I
mRNA (Figure 16B), while the lateral habenula contained lesser amounts.

Hypothalamus. In the hypothalamus, high levels of synapsin I mRNA were
observed in the ventromedial nucleus (Figure 17E). Specifically, hybridization was high in
the dorsomedial and ventrolateral divisions of the ventromedial nucleus (data not shown).
Similiarly high levels were seen in the ventral premammillary nucleus and in the
subthalamic nucleus (Figures 16H and 17C, E). Lower levels of synapsin I mRNA were
present in most other hypothalamic regions, including the arcuate nucleus, the
paraventricular nucleus, the lateral anterior nuclei, the lateral magnocellular nucleus, and the

preoptic nucleus.

Midbrai
Moderate-to-high amounts of synapsin I mRNA were present in the red nucleus and
in the substantia nigra pars compacta (Figure 16G, H). Light-to-moderate levels of
synapsin I mRNA were observed in most other midbrain regions. For example, the dorsal
central gray (Figure 17F) and the ventral tegmental area (Figure 17D) were moderately
labeled. Synapsin I mRNAs were expressed homogenously across the inferior and
superior colliculi. Here, both the dorsal cortex of the inferior colliculus and the superficial

gray layer of the superior colliculus were lightly labeled (Figures 16A, 17E).

Brainstem
In the brainstem, high levels of synapsin I mRNA were present in the pontine
nucleus (Figure 17D), the reticulotegmental nucleus (Figure 17F), the ventral tegmental
nucleus (Figure 17F), the pontine central gray (Figure 17D), and the facial nerve nucleus
(Figure 17C). Many brainstem nuclei, such as the ventral cochlear nucleus and the nucleus

of the trapezoid body were moderately labeled.



Table 1. Relative abundance of synapsin I mRNA in different regions of rat
brain. Hybridization signals were characterized as light (+), moderate (++), high
(+++) and intense (++++), as estimated by visual comparison of several
autoradiographic films of sections hybridized to radioactively-labeled synapsin I

cDNA probes of comparable specific activities.




Relative abundance of synapsin I mRNA in different regions of rat

brain
Area Abundance
olfactory bulb, mitral cell layer ++++
internal granular cell layer ++++
glomerular cell layer +
cortex, layers II-1II, neocortex ++-+++
layer V, neocortex +++-++++
piriform, layer II ++++
entorhinal, layer Il and V +4+++
frontal/cingulate +++/+++
pre-/para-subiculum ++/+++-++++
basal forbrain, bed nucleus of stria terminalis ++
diagonal band of Broca ++
olfactory tubercle +++
septum, medial +4+
lateral +
basal ganglia, caudate/putamen +
amygdala, basolateral, anterior +++
central, lateral/medial divisions +/++
lateral +4++
hippocampus, CA1 +++
CA3 ++++
CA4 ++++
dentate gyrus +++
hilar neurons ++++
thalamus, anterodorsal nucleus +++
paraventricular nucleus +++
anteroventral nucleus, ventrolateral ++
dorsomedial ++
parafasicular nucleus ++
geniculate nucleus, ventral lateral, magnocellular part ++
medial +
precommisural nucleus +++
hypothalamus, ventromedial nucleus +++
paraventricular nucleus ++
lateral anterior nuclei ++
lateral, magnocellualar nucleus ++
preoptic nucleus ++
arcuate nucleus ++
premammillary nucleus, ventral ++
subthalamic nucleus +++
habenula, medial ++
colliculi, inferior +
superior +
red nucleus +++
central grey, dorsal ++
pontine +++
substantia nigra pars compacta +++
tegmental nucleus, ventral ++
anterior +++
pontine nucleus +++
ventral cochlear nucleus, anterior part ++
cerebellum
granule cell layer +++
deep cerebellar nuclei ++-+++
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Cerebellum

In the cerebellum, high-to-intense labeling was present over the cerebellar granule
cells (Figures 16A-D, 17B-F). The intense labeling of granule cells Mc it difficult to
determine, on X-ray film and by emulsion autoradiography, how much of the synapsin I
hybridization signal was attributable to Purkinje cells. Light-to-moderate labeling was
observed over the remainder of the cerebellar layers (Figures 16A-D, 17B-F), while the
deep cerebellar nuclei showed moderate-to-high labeling over individual neurons scattered

throughout the region (data not shown).

of Expression

Previous studies have indicated that synapsin I protein is present in high levels in
the rodent hippocampus (Bloom et al., 1979; Goelz et al., 1981; De Camilli et al., 1983a,b;
Walaas et al., 1983; 1988; DeGennaro et al., 1989; Apostilides et al., in press). No studies
however, have been reported which correlate protein data with the cellular distribution and
patterns of expression of synapsin I mRNA in these areas. To examine the distribution of
synapsin I mRNA and compare the relative levels of synapsin I mRNA and protein in rat
hippocampus, in sifu hybridization and immunohistochemistry were performed on
horizontal sections of adult rat brain (Figure 21).

To ensure the specificity of the synapsin I polyclonal antibody, we performed
Western blot anlysis with protein from adult rat neocortex (Figure 19). At the dilutions
used for immunohistochemistry, 1:500 - 1:2000, the synapsin I antibodies recognized
exclusively synapsin Ia and Ib polypeptides. |

Immunohistochemistry using polyclonal antibodies to synapsin I revealed extremely
low levels of synapsin I protein in the somata of all neurons, as evidenced by weak

synapsin I immunostaining in the pyramidal cell layers of the hippocampus, the dentate




Figure 19, Western blot demonstrating specificity of synapsin I polyclonal
antibody. Purified rat total neocortical brain protein was prepared, electrophoresed,
and blotted as described in text. Synapsin I polyclonal antibodies were bound and
immunoreactive bands were visualized. Antibodies recognized exclusively

synapsin Ia and Ib polypeptides, of 78 Kd and 74 Kd, respectively, and a small

amount of synapsin I proteolysis products.
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gyrus, and the layer II cells of the entorhinal cortex (Figures 20, 21C). In the dentate
gyrus, granule cells give rise to mossy fiber afferents which terminate solely upon neurons
of the hilar zone and the proximal dendrites of the CA3-CAA4 cells of the hippocampus (see
Figure 1.1). In this circuit, in situ hybridization and immunohistochémistry revealed a
direct correspondence between high levels of synapsin I mRNA in granule cell somata and
intense synapsin I protein staining in their mossy fiber terminals (Figure 21B, C). In
contrast, in situ hybridization revealed intense levels of synapsin I mRNA in the somata of
layer II neurons of the entorhinai cortex, while only moderate synapsin I protein staining
was observed in the outer molecular layer of the dentate gyrus, the terminal field of these
layer II neurons (Figure 21B, C). These results suggest differential levels of expression of
synapsin I mRNA and protein within neurons which compose a defined synaptic circuit in

the adult rat brain.

Discussion

In this chapter, the first extensive in situ hybridization study describing the regional
and cellular distribution of synapsin I mRNA in the adult central nervous system is
described. These data reveal the widespread but regionally variable distribution of
synapsin I mRNA throughout the adult rat brain. Further, using the rat hippocampus as a
model system, specific neurons were identified in which the level of synapsin I mRNA in
neuronal parikarya correlates directly with the level of synapsin I protein in the synaptic
termini of those cells, and other neurons within the same synaptic circuit in which synapsin

I mRNA and protein levels do not correspond.



Figure 20. Low magnification photomicrographs of synapsin I immunoreactivity
in parasagittal section of the adult rat brain (from Localization of Synapsin I in the
Adult Rat Central Nervous System, Apostolides, P.J., DeGennaro, L.J ., Melloni

Jr., R.H., Pulaski-Salo, D., and Hamos, J.E. Synapse. (in press)).

AOB, accessory olfactory bulb; AON, accesssory olfactory bulb, CA3, CA3 field
of the hippocampus; Cgr, granule cell layer, cerebellum; Cml, molecular layer,
cerebellum; CPu, caudate-putamen; IC, inferior colliculus; ICj, island of Calleja;
LPBlateral parabrachial nucleus; LSO, lateral superior olive; SC, superior
colliculus; scp, superior cerebellar peduncle; SNR, substantia nigra, reticulata;

Thal, thalamus; VP, ventral pallidum.
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Immunohistochemical studies have shown that synapsin I and synaptophysin, a
synaptic vesicle integral membrane protein, display similiar distributions in the rat central
nervous system (Sudhof et al., 1989). Recently the distribution and cellular localization of
synaptophysin mRNA in the rat brain has been reported (Marqueze-Pouey et al., 1991).
By comparison, a striking correlation between the patterns of expression of synapsin I and
synaptophySin mRNAs in specific regions of the adult rat brain are observed. High levels
of both mRNAs are present in layers IV-V of the neocortex, in the mitral cell layer of the
olfactory bulb, in all fields of the hippocampus proper and the dentate gyrus, the medial
habenula, the paraventricular nucleus of the thalamus, and in the granule cells of the
cerebellum. Additionally, light-to-moderate levels of both mRNAs were localized in the
striatum, the basal forebrain, and in widespread areas of the thalamus. No correlation
however, was observed between the localization of synapsin I and synaptophysin
transcripts in the internal granule cell layer of the olfactory bulb. Here, synapsin I mRNAs
were present at high levels, while little or no synaptophysin mRNAs were detected. In this
cell layer however, a good correlation was observed between the localization of synapsin I
and synaptoporin, a novel synaptophysin variant (Marqueze-Pouey et al., 1991).

Synapsin I mRNA distribution correlates well with the pattern of expression of
mRNAs encoding other synaptic vesicle proteins. VAMP-2 is another abundant synaptic
vesicle protein whose mRNA expression pattern and distribution has been reported in rat
central nervous system (Elferink et al., 1989 Trimble et al., 1990). Both the VAMP-2 and
synapsin I genes express high levels of mRNAs in the substantia nigra pars compacta, the
anterodorsal thalamus, the basolateral amygdala, the piriform cortex, and in all fields of the
hippocampus proper and the dentate gyrus. Similiarly, the hippocampal localization and
distribution of the mRNA for synaptosomal-associated protein, 25kD, (SNAP-25),
parallels that of synapsin I mRNA (Geddes et al., 1990). In the adult rat hippocampus, the
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greatest abundance of SNAP-25 mRNA was in the large pyramidal neurons of CA3, with a
lower density of hybridization signal in the CA1 pyramidal cells and in the granule cells of
the dentate gyrus.

Heterogeneous Distribution of Synapsin I mRNA

Together, RNA blot (Chapter I1I, Figure 8) and in situ hybridization data provide
biochemical and histochemical evidence of regional variability in the level of synapsin I
mRNA in the central nervous systém. At least two possibilities exist to explain the
heterogeneous distribution of synapsin I mRNA throughout the adult rat brain. One
possibility is that strong hybridization signals reflect the number and density of neuronal
somata per field. The mitral and internal granular cell layers of the olfactory bulb, the
granule cell layer of the dentate gyrus, and the CAL field of the hippocampus are all
examples of densely packed layers of cells which exhibit high levels of synapsin I mRNA
labeling. Densely packed nuclei also display strong labeling of synapsin I mRNA. The
anterodorsal and paraventricular thalamic nuclei, the medial habenula, the subthalamic
nucleus, and the substantia nigra pars compacta all display similiarly high hybridization
signals by in situ hybridization. The cell types in each of these areas varies widely, from
small spherical granule cells to large pyramidal neurons, densely packed in clusters forming
a nucleus or tract of cells. In these regions, strong synapsin I mRNA hybridization signals
are most probably related directly to cell packing.

A second possibility is that strong hybridization signals in discrete regions of rat
brain reflect differences in the levels of synapsin I mRNA expressed in those cells. In
these regions, hybridization intensity cannot be attributed solely to the number and packing
density of.neuronal perikarya. For example, Figure 18B shows high levels of synapsin I
mRNA in the perikarya of neurons in layer V of the parietal neocortex. Although this
region is low in cell number and packing density (Figure 18A), these medium-sized

neurons express high amounts of synapsin I mRNA, as evidenced by the sharp band of
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hybridization seen in Figures 16B-E, 17A-C, and 18B. Similiarly, the small and medium-
sized cells in layer V of the medial entorhinal cortex express notably high levels of synapsin
I mRNA (Figures 16C-E, 18C, 21B). Other examples of areas which appear to express
levels of synapsin I mRNA not apparently related to packing density., are the pyramidal
neurons of hippocampal field CA3, the layer I stellate cells of the entorhinal cortex, and
the neurons of the parasubiculum. The large pyramdial neurons of CA3 are significantly
less densely packed than the pyramidal neurons of the neighboring CAl1 field and the
granule cells of the dentate gyrus. The CA3 neurons, however, express appreciably higher
levels of synapsin I mRNA (Figures 18E-G) than cells in the other two regions. The layer
II stellate neurons of the entorhinal cortex form a continuous layer of cells in the medial
aspect of the parahippocampal gyrus. Here, although somewhat less densely packed than
neurons of the dentate gyrus and CA1, the stellate cells display consistently higher
hybridization signals (Figures 21A, B). In fact, hybridization to synapsin I mRNA in these
neurons was nearly equal in intensity to that in neurons of the CA3 field of the
hippocampus (Figure 21B). The parasubiculum lies adjacent to the medial entorhinal
cortex and is characterized by a superficial layer of moderately packed medium-sized cells.
The presubiculum lies next to the parasubiculum and is characterized typically by a lamina
of densely packed small cells. Although significantly more densely packed, the
presubiculum appears less labeled than its neighbor, suggesting different levels of
expression of synapsin I mRNA between the two cell populations (Figures 18B, 21B).
The areas mentioned above contain neurons of various cellular profiles which form less
densely packed and occasionally pale fields of neurons. These neurons however, exhibit
strong hybridization to synapsin I cDNA probes by in situ hybridization. Thus, these data

reflect differences in synapsin I mRNA levels in individual neurons representative of a

specific region of the rat brain.
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i NA i
in the Rat Hi

To address directly the possibility that iﬁgh levels of synapsin I mRNA in discrete
subsets of neurons may reflect the amount of synapsin I protein presént in the presynaptic
terminal fields of those neurons, the patterns of expression of synapsin I mRNA and
protein in the defined synaptic circuitry of the rat hippocampus were compared. The rat
hippocampus is a fold of cortex divided into four distinct fields, CA1-CA4, respectively
(Figure 21A). Accompanying the hippocampus is the dentate gyrus, a layer of densely
packed granule cells whose dendritic arborizations ramify in a dense synaptic plexus in the
molecular layer of the dentate gyrus. The major source of afferent inputs to the dentate
granule cells is the large stellate cells of layer II of the medial entorhinal cortex (Desmond
and Levy, 1982). These afferents project ipsilaterally, via the perforant path, to the outer
two-thirds of the molecular layer of the dentate gyrus. The dentate granule cells, then,
extend mossy fiber axons locally to the mossy cells scattered throughout the hilus of the
dentate gyrus and to the proximal dendritic field of ipsilateral CA3 neurons of the
hippocampus.

Synapsin I mRNA and protein are present in neurons of the rat dentate gyrus and
entorhinal cortex (Figure 21). Synapsin I transcripts are expressed at notably high levels in
granule cells of the dentate gyrus and at intense levels in the layer II neurons of the
entorhinal cortex (Figure 21B). Synapsin I protein, however, exhibits remarkably
dissimiliar patterns of expression in the presynaptic terminal fields of these two cell
populations (Figure 21C). Synapsin I protein is present in intense amounts in the mossy
fiber terminal fields of dentate granule neurons. In contrast, the protein is present in only
moderatq amounts in the outer two-thirds of the molecular layer of the dentate gyrus, the
terminal field of layer II entorhinal neurons. One possible explanation for the discrepancy
between levels of synapsin I mRNA and protein in the somata and termini of specific

neurons of the hippocampal region is that these levels may reflect simply the synaptic



78

density or amount of terminal arborization of those cells. However, a review of synaptic
density, as measured by quantitative ultrastructural analyses, suggests that the number of
synapses per unit area is relatively invariant across the hippocampal neuraxis (Amaral et al.,
1981; Scheff et al., 1985; Scheff et al., 1991). Therefore, local diffcfences in synaptic
density cannot adequately explain the variability in synapsin I protein staining in the
rerminal fields of neurons of the dentate gyrus and entorhinal cortex. Furthermore, the
markedly dissimiliar patterns of expression of synapsin I mRNA and protein in the neurons
of the dentate gyrus and entorhinal cortex suggest that synapsin  mRNA levels cannot
reflect simply the amount of synapsin I protein present in the terminal arborizations of
central neurons. Alternatively, it is proposed that the differential levels of expression of
synapsin | mRNA and protein in these synaptic circuits reflect differences in the functional
properties and/or requirements of neurons which form these central synapses. For
example, studies on the restoration of synaptic connections in response to selective nervous
system lesions have demonstrated that the hippocampal formation possesses a robust
potential for synaptic regrowth (see review by Cotman and Nieto-Sampedro, 1984). In
these studies, synapse replacement is achieved by the selective sprouting of residual inputs;
in the case of unilateral entorhinal lesions, originating in hippocampal fields CA3c-CA4,
layer II of the contralateral entorhinal cortex, and in the medial septum. Thus, locally high
levels of synapsin I mRNA in hippocampal and entorhinal somata may reflect the ability of
the system to be plastic and respond to injury and/or select environmental stimuli by
producing long-term synaptic circuitry changes. Other neurons, in which synaptic
plasticity is not a major necessity (ie. dentate granule neurons), might still require locally
high levels of synapsin I mRNA to maintain correspondingly high levels of synapsin I
protein in their presynaptic terminal fields. In these neurons, high levels of synapsin I gene
expression (mRNA and protein) might be required to maintain high rates of activity that
characterizes the circuits in which they participate.

In conclusion, the data presented in this chapter provide a detailed map of the
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intensity of synapsin I gene expression across the adult rat neuraxis. These studies show
that synapsin I mRNA exhibits widespread, yet regionally variable, levels of expression
throughout the adult rat central nervous system. Further study, employing more
quantitative in situ hybridization procedures and probes able to distin-guish individual
synapsin I mRNA subtypes, will be necessary to quantitate precisely the levels of the
different isoforms of synapsin [ mRNAs expressed in these areas. Additionally, in situ
hybridization and immunohistochemistry demonstrated differential levels of expression of
synapsin I mRNA and protein withih the defined synaptic circuitry of the adult rat
hippocampus. Studies of the expression of synapsin I mRNA and protein duing the
synaptic development of the hippocampus and following selective lesions of this brain
region may provide insight into the regulation of, and functional requirement for, synapsin
I gene expression during the establishment and restoration of synaptic contacts in the

central nervous system.
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Chapter VI

SYNAPSIN I mRNA AND PROTEIN DURING THE ESTABLISHMENT
AND RESTORATION OF FUNCTIONAL SYNAPSES IN THE
RAT HIPPOCAMPUS

Introduction

As detailed in the previous chapters, numerous reports of the neuron-specific
expression of synapsin I protein in the adult rodent CNS have been described. These
studies employing endogenous phosphorylation assays (Walaas et al., 1983, 1988),
radioimmunological assays (Goelz et al., 1981), and immunohistochemistry (Bloom et al.,
1979; De Camilli et al., 1983a,b; DeGennaro et al., 1989; Melloni et al., 1993; Apostilides
et al., in press) all indicate that synapsin I protein is present at extremely high levels in
neuropil regions of the hippocampus. During development of the rodent nervous system,
the appearance of synapsin I protein in the neuropil has been shown to correlate temporally
and topographically with synaptogenesis (Lohman et al., 1978; De Camilli et al., 1983;
DeGennaro et al., 1983; Levitt et al., 1984; and Mason, 1986; Moore and Berstein, 1989;
Bergman et al., 1992). Recently, in situ hybridization histochemistry has been used to
describe the pattern of expression of synapsin I mRNA in the developing and adult rat
hippocampus (Melloni and DeGennaro, submitted, see Chapter IV; Melloni et al., 1993,
see Chapter V). These studies revealed that during the development of the hippocampus
the temporal onset and the peak expression of the synapsin I gene coincides, respectively,
with neuronal and synaptogenic differentiation of granule cell neurons of the dentate gyrus.
Coupled with recent morphological and physiological data by Han et al., (1991) and Lu ez

al., (1992), these data suggest a possible role for the encoded protein in the establishment
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and maintenence of synapses in the early development of the nervous system. However,
while our previous work provided strong evidence for high levels of synapsin I gene
activity during hippocampal development, they also suggested that synapsin I mRNA levels
did not reflect simply the amount of synapsin I protein present in the terminal arborizations
of central neurons (Melloni et al., 1993, see Chapter IV). Based on these results we
hypothesized that locally high levels of synapsin I mRNA in neuronal somata may reflect
- the ability of the nervous system respond to select environmental stimuli and/or injury by
7 producing long-term changes in synapAtic circuitry.

To test this hypothesis and to better understand the regulation and putative role of
synapsin I gene expression in the development of functional synaptic contacts in the CNS,

immunohistochemistry and in situ hybridization were employed to compare the patterns of

expression of synapsin I protein and mRNA during the main period of synaptogenic
differentiation in the developing rat hippocampus. Then, to examine the regulation and
putative role of synapsin I gene expression during the restoration of synaptic contacts in the
CNS, a second set of experiments involving knife cut transection of the perforant pathway
were designed to evoke synaptic reorganization in local hippocampal circuitry. Synapsin I
immunoreactivity and mRNA expression were then examined in target and sprouting

neurons in response to and during the denervation and reinnervation of the hippocampus.

Results

of the rat hippocampus
Previous studies employing diverse biochemical and histochemical techniques have

indicated that the appearance of synapsin I protein during development coincides with

synaptogenic differentiation both in vivo (Lohman et al., 1978; De Camilli et al., 1983a,b;
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DeGennaro et al., 1983; Levitt et al., 1984; Mason, 1986; Moore and Bernstein, 1989) and
in vitro (Bixby and Reichardt, 1985; Weiss et al., 1986). None of these studies, however,
correlate the developmental patterns of expression of synapsin I protein and mRNA in the
nervous system. To determine how synapsin I mRNA levels are related to levels of
synapsin I protein during the establishment of synapses in the rat CNS, a comparison was
carried out using the developing rat hippocampus as a model system. Specifically, to
correlate the onset of appearance of detectable levels of synapsin I protein in the mossy
fiber terminal fields with the expression of synapsin I mRNA in hippocampal granule cell
neurons, immunohistochemistry and in situ hybridization were performed on serial sections

of rat brains of postnatal ages P5/6, P11, P21, P31, and adult (P90).

Synapsin I protein in the developing rat hippocampus
[mmunohistochemistry. In the adult rat, synapsin I immunoreactivity conformed to well-
known features of hippocampal circuitry (see Chapter V, Figures 20 and 21). Staining was
found primarily within the neuropil, while neuronal somata remained unstained; an
observation particularly evident in the granule cell layer of the dentate gyrus or the
pyramidal cell layer of the hippocampus. The highest density of synapsin I staining was
found in the hilus and in the CA3 field, within the mossy fiber terminal zone of dentate
granule cells. In this zone, dense staining was disfributcd evenly in the hilar region and
appeared consistent along the entire length of the proximal CA3 dendritic field.

The overall changes in distribution and intensity of synapsin I immunostaining in
the mossy fiber terminals of the rat hippocampus through a range of postnatal days 5 - 31
are illustrated in Figure 22. At the earliest postnatal time points examined (PO - P2), the
entire hippocafmpus showed very little, if any, immunoreactivity with synapsin I antibodies
(data not shown) and, although cresyl violet staining of dentate granule somata revealed the
near adult morphology by postnatal day 5 (Figure 22A), syhapsin I immunoreactivity in the
hilar region remained diffuse and very light (Figure 22B). Other areas within the



Figure 22. Immunohistochemical localization of synapsin I protein in the
developing rat hippocampus. (A,C,E,G,) High magnification photomicrographs of
the developing rat hippocampus stained with cresy violet acetate to identify neuronal
perikarya. (B,D,F,H,) High power photomicrographs of synapsin I
immunoreactivity in the developing rat hippocampus. No appreciable synapsin I
immunostaining was present between postnatal days 5 and 11 (arrows in B and D).
Note marked increase in synapsin I immunoreactivity in the mossy fiber zone and
along the proximal dendrites of CA3 between postnatal days 21 and 31 (arrows in F
and G). (A,B) postnatal day 5. (C,D) postnatal day 11. (D,E) postnatal day 21.

(G,H) postnatal day 31.
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hippocampus, however, showed much higher levels of synapsin I immunoreactivity. For
example, the stratum radiatum and stratum oriens of Ammon's horn, and the molecular
layer of the suprapyramidal blade of the dentate gyrus showed modest, diffuse staining.
While synapsin I immunostaining in the hippocampus at this early tixhe point was relatively
light compared with adult staining, many other regions of the neuraxis, such as the
olfactory bulb and the ventral forebrain, have already reached their adult level of synapsin I
immunoreactivity (unpublished observations).

By postnatal day 11 (Figdi'e 22C.,D), the adult morphology of the hippocampus
was well established and synapsin I staining throughout the hippocampus was more
apparent than at earlier time points. At this time, although other subfields of the
hippocampus showed the adult distribution and intensity of synapsin I staining, the mossy
fiber terminal zone had not yet attained its extremely dark, adult level of dense
immunoreactivity. A slight, but increasing, gradient of punctate synaptic staining could,
however, be identified within the hilus and along the distal regio inferior at this postnatal
time point.

By postnatal day 21, the intensity and pattern of synapsin I immunoreactivity had
changed markedly (Figure 22E,F). The mossy fiber terminal zone in the hilus and CA3
field was now moderately-to-darkly stained for synapsin I protein, but not at the intense
levels that typically characterize the adult mossy fibers. At this time in development,
synapsin I immunoreactivity within the mossy fiber terminal zone revealed two patterns of
staining. Synapsin I immunostaining was slightly more intense in the hilus and the distal
CA3 field, while staining was moderate in the proximal CA3 mossy fibers. Additionally,
punctate synapsin staining is more obvious at this time point as several individual mossy
fiber terminals appear densely stained.

By postnatal day 31, the pattern and intensity of synapsin I immunostaining had
once again changed dramatically, as the mossy fiber terminal zone in the hilus and CA3

fields has reached the adult level of synapsin I immunoreactivity (Figure 22G,H). At this
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time, mossy fibers showed remarkably intense synapsin I immunostaining reflecting very
high levels of synapsin I protein in the large mossy fiber termini within this region. This
dense pattern of immunostaining was homogeneous across the hilus and along the entire
length of the regio inferior.

Semi-quantitative analysis of synapsin I immunoreactivity substantiated the
qualitative observations (Figure 26). Densitometric analysis, carried out on five sections
from at least three experimental animals per developmental time point, indicated that
synapsin I immunoreactivity in the rhossy fiber terminal zone did not begin to increase from
its lowest levels until after nearly two weeks of postnatal development. Moreover, in
correspondence with immunohistochemical data, synapsin I immunoreactivity does not
reach its high, adult level of intensity in the hilar region until approximately postnatal day
31 of development.

Western blot analysis. To measure more quantitatively the changing levels of synapsin I
protein observed in the hilar region by immunohistochemistry, Western blot analysis was
performed with protein isolated from dentate granule neurons and their accompaning mossy
fiber terminals at postnatal ages 21 and 31 days (Figure 23). Silver staining of total
proteins present in dentate granule neurons and their mossy fiber terminals at these two
time points revealed a series of protein bands strikingly similar in position and intensity,
with the exception of one band (MWr ~74 kd) which was dramatically increased (Figure
23, lanes 2 and 3). The increased band co-migrated with purified synapsin I protein (lane
4). Immunoblots probed with synapsin I-specific antibody (lanes 5-7) revealed that the
increased band was synapsin I and that, synapsin I protein increased at least 2-3 fold in the
mossy fiber terminals of dentate granule neurons between postnatal days 21 and 31.

To determine whether this change was specific to synapsin I or indicative of more
general changes in the complement of synaptic proteins, immunoblot duplicates of lanes 2
and 3 were probed with monoclonal antibodies directed against the neuron-specific protein

synaptophysin (lanes 8 and 9). Synaptophysin (previously referred to as p38) is a major

R



Figure 23, Western blot of total protein extracted from dentate granule neurons and
their accompaning mossy fiber terminals from punched sections of rat brain of
postnatal ages 21 and 31 days. Purified rat total dentate protein was prepared,
electrophoresed, and blotted as described in the text. Lane 1: markers. Lanes 2
and 3: Diiachi silver staining of total proteins present in dentate granule neurons
and their mossy fiber terminals in rat pups of postnatal ages 21 (lane 2) and 31(lane
3) days. Lane 4: Diiachi silver staining of purified synapsin I protein (4 pLg).
Lanes 5-7: immunoblot of duplicates of lanes 2-4 probed with synapsin I-specific
(SYN) antibodies. Note the 2-5 fold increase in synapsin I immunoreactive bands
between postatal days 21 and 31. Lanes 8 and 9: immunoblot of duplicates of
lanes 2 and 3 probed with synaptophysin-specific (SYT) antibodies.

Synaptophysin immunoreactive bands increased 2 fold between postnatal days 21

and 31.
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integral membrane protein of the synaptic vesicle membrane, believed to participate in the
formation of an exocytotic fusion pore, which ultimately leads to the release of
neurotransmitter (Jahn et al., 1985; Wiedenrﬁann and Franke, 1985; Sudhof et al., 1987;
Thomas et al., 1988). Immunoblots probed with synaptophysin-specific antibody revealed
that synaptophysin protein increases approximately 2 fold in dentate granule neurons and

their mossy fiber terminals between postnatal days 21 and 31.

Synapsin [ mRNA in the developing rat hippocampus
In_situ hybridization, In the adult rat hippocampus, synapsin I hybridization highlights
well-known features of hippocampal anatomy (see Chapter V, Figure 21). In general,
hybridization was restricted to neuronal somata while the white matter, neuropil and
meninges remained devoid of signal. Synapsin I hybridization signal was intense in
i neurons throughout the hippocampal fields CA1-CA4, with highest levels in CA3.
F | Hybridization to synapsin I probes was also observed at notably high levels in the granule
: cell neurons of the dentate gyrus.

During the postnatal development of the hippocampus, the expression of synapsin I
mRNA in cells of the dentate gyrus paralleled the neurogenic and morphogenic patterns of
differentiation and development of dentate granule cell neurons (Figure 24). From the
earliest times examined m the postnatal period (PO-P2), synapsin I mRNA is expressed in
hippocampal fields CA1-CA3, and the developing neurons of the rat dentate gyrus (Figure
24A, B). In fact, already by this stage of development (P0), high (near adult) levels of
hybridization to synapsin I cDNA probes were observed in ﬁippocampal fields CA2 and
CA3. As evidenced by the thin line of hybridization in the lateral blade of the developing
dentate gyrus, synapsin I hybridization also revealed the earliest stages of the morphogenic
development of the dentate granule cell layer.

At postnatal day 6, hybridization to synapsin I probes changed dramatically in

particular areas of the rat hippocampus, while high levels of hybridization remained in
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Figure 24, Expression of syriapsin I mRNA in sections of the developing rat
hippocampus. (A,C,E,G,I) High magnification photomicrographs of the
developing rat hippocampus stained with cresy violet acetate to identify neuronal
perikarya. (B,D,F,H,J) Dark-field photomicrographs of emulsion-coated sections
of the developing rat hippocampus hybridized to 35S-labeled synapsin I cDNA
probes. High, near adult levels of synapsin I hybridization are present in dentate

granule neurons by postnatal day 6 (arrow in D). (A,B) postnatal day 0 (DOB).

(C,D) postnatal day 6. (E,F) postnatal day 11. (G,H) postnatal day 21. (I,J)
postnatal day 31. CA3; CA3 field of the hippocampus; DG, dentate granule cell

J layer; H, hilar region. Emulsion-coated sections were exposed for 2 weeks.
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hippocampal fields CA1-CA3. For example, in the dentate gyrus, the pattern of synapsin I
hybridization now clearly reveals high levels of synapsin I mRNA expression (Figure
24C,D) Through this period of hippocampal development, synapsin I hybridization
continues to delineate the development of the dentate granule cell layér as both the lateral
(ectal) and medial (endal) blades of the dentate granule cell layer hybridized to synapsin I
probes. In fact, at this time in development , hybridization signals in the dentate granule
cell layer appeared near equal in intensity to those observed in the adult animal. In
addition, hybridization was notably increased in the hilar region of the hippocampus, as
cells in this area undergo a massive burst of neurogenic differentiation between postnatal
day S and postnatal day 8 (Schlessinger et al., 1975).

At postnatal day 11, hybridization to synapsin I probes displayed similar patterns to
those observed at earlier time points, with few notable exceptions (Figure 24E.F).
Synapsin I hybridization revealed high levels of synapsin I mRNA in neurons along the
entire length of the developing granule cell layer of the dentate gyrus . The pattern and
strength of hybridization seen at this time was clearly equal in intensity to those observed in
the adult rat dentate gyrus. Elevated levels of synapsin I hybridization remained in the hilus
of the hippocampus, as neurogenesis remains high that region throughout this
developmental time period (Altman and Das, 1965). The adult pattern of intense
hybridization to synapsin I probes was also observed in hippocampal fields CA1-CA3 at
this time point.

From postnatal day 21 and beyond, the pattern and intensity of hybridization to
synapsin I probes seen in the hippocampus differs slightly from that seen at earlier time
points (Figures 24G-J). Hybridization was notably high in granule cell neurons of the
dentate gyrus and intense in the pyramidal neurons of hippocampal fields CA3. In
contrast, the overall levels of hybridization in the hilus were markedly lower than at earlier
time points, as hybridization in the hilar region at this time was restricted to large

polymorphic neurons. From this stage of development, in general, hybridization to
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synapsin I cDNA probes in the hilus and in the granule cell layer of the dentate gyrus were
analogous to those observed in the adult rat hippocampus

Semi-quantitative analysis of film autoradiograms substantiated the patterns and
intensity of synapsin I hybridization observed in the developing dentate gyrus (Figure 26).
Film densitometry was carried out on five sections from at least three experimental animals
per developmental time point. These analyses indicated that synapsin I mRNA
hybridization reached its high, adult level of intensity in the dentate gyrus by postnatal day
6 of development, preceding by over 20 days, the time at which synapsin I protein reached
its adult level.
RNA blot analysis. To confirm more quantitatively the pattermn of expression of synapsin I
mRNA observed in neurons of the developing dentate gyrus by in situ hybridization, RNA
blot analysis was performed with RNA isolated from dentate granule cell neurons at
postnatal ages 14, 21, and 31 days (Figure 25). In these samples, synapsin I cDNA
probes detected two mRNAs of the predicted size (4.5 kb and 3.4 kb) and ratio. In accord
with prior analysis, the relative levels of synapsin I mRNA (both the 4.5 kb and 3.4 kb
mRNAs) did not change significantly in the dentate granule cell layer through this period of

hippocampal development.

- in i

In adult rats, the perforant pathway was wransected in order to induce the sprouting
of fibers originating from the hippocampal CA4 region, entorhinal cortex, and the medial
septal nucleus. Histological examination verified that the unilateral knife cut had severed
completely the perforant pathway connecting the medial and lateral entorhinal cortex to the
ipsilateral hippocampus. To verify that our knife cuts had induced sprouting in the
hippocampus, AChE histochemistry was employed to demonstrate alterations in the
cholinergic innervation to the dendritic fields (the molecular layer) of dentate granule cell

neurons (Figure 27). AChE staining of the control (contralateral) side of a knife cut animal




Figure 25, Synapsin I mRNA in developing dentate granule neurons of the
hippocampus. (A) Quantitation of the relative amounts of synapsin I mRNA in
dentate granule neurons from the hippocampus of rats of postnatal ages 14, 21, and
31, respectively. Blots, generated as in (B), were scanned by densitometry. Data
are means + SEM. (B) RNA blot analysis of synapsin I mRNA and 18s ribosomal
RNA in developing dentate granule neurons of the hippocampus. The same filters

were used for both probes.
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Figure 26, Semi-quantitative evaluation of synapsin I mRNA and protein in
developing dentate granule cell neurons and their mossy fiber terminals by in situ
hybridization and immunohistochemistry, respectively. DG mRNA data represent
film densitometry readings of synapsin I cDNA hybridization taken from the dentate
granule cell layer. Mossy fiber protein data represent densitometry of synapsin I
immunoreactivity taken from the hilar region of the dentate gyrus. Data are means

+ SEM.
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(Figure 27C) demonstrated a staining pattern similiar to that observed in an unoperated
naive control animal (data not shown). In these sections there was a dense zone of AChE
staining in the most proximal aspect of the inner molecular layer of the dentate gyrus (the
supragranular zone), and light homogeneous staining throughout the remainder of the
molecular layer. In contrast, on the perforant pathway transection (ipsilateral) side of a
knife cut animal, AChE histochemistry at 7, 14, and 31 days post lesion revealed a dense
band of AChE-stained fibers within the middle molecular of the dentate gyrus (Figure
27B). The changes in AChE staining observed within the molecular layer reflect the
reorganization and sprouting of cholinergic afferents from the ipsilateral medial septal
nucleus, in response to the loss of afferents originating from the entorhinal cortex, thus
confirming that the knife cut had denervated the hippocampus. The AChE reaction
observed in response to perforant pathway transection was similar in intensity to those seen

with electrolytic (Lynch et al., 1972) or aspirative (Nadler et al., 1977) entorhinal lesions.

T on of i . { MRNA followi
perforant pathway transection

It has been previously shown that lesions of the entorhinal cortex produce a myriad
of cellular and molecular responses in pre- and postsynaptic components of the perforant
pathway (Whittemore et al., 1987; Geddes et al., 1990a,b,c; May et ., 1990; Phillips and
Steward, 1990; Poirier et al., 1990; Steward et al., 1990; Gibbs et al., 1991; Laping et al,,
1991; Nichols et al., 1991, Poirier et al., 1991a,b; Chen and Hillman, 1992). One of these
responses may be the recapitulation of the original developmental mechanisms of axonal
guidance and growth in those cells whose remaining efferent fiber projections sprout in
response to lesion (Geddes et al., 1990; Poirer et al., 1991). Another response may be the
attenuation of membrane bound receptors, ultimately altering the si gnalling between
effector and target neurons (Taxt and Storm-Mathison, 1984; Anderson et al., 1991)

Recently, it has been suggested that the regulation of synapsin expression may be




Figure 27, Changes in AChE staining in the molecular layer of the dentate gyurs 14
days following transectibn of the perforant pathway. (A) Camera-lucida drawing at
the horizontal level from which AChE staining was photographed. The extent of
the perforant pathway knife cut is indicated by a dashed line and arrowheads. (B)
Section of the dentate gyrus from the ipsilateral side of a knife cut animal stained
with acetylcholinesterase histochemistry. In this section, there is a dense band of
staining within the molecular layer, confirming that the knife cut deafferented the
hippocampus. (C) Section of the dentate gyrus from the contralateral side of the
same animal in (B) stained with acetylcholinesterase. This section reveals
homogeneous staining throughout the molecular layer. g, granule cell layer,
hippocampus; Hp, hippocampus; i, inner molecular layer, dentate gyrus; m, middle
molecular layer, dentate gyrus; MS, medial septal nucleus; o, outer molecular layer,

dentate gyrus.
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involved in chronic changes in neuronal signalling, and that the synapsins may contribute
to a neuron's capacity for short- and long-term synaptic plasticity (Han et al., 1991;
Melloni et al., 1993 and Chapter V). Thus, to lexamine the regulation and putative role of
synapsin I gene expression during the restoration of functional synaptic contacts within the
CNS, the perforant pathway was surgically transected in adult rats, and anterbgrade and
retrograde neuronal populations were assayed for relative levels of synapsin I protein and

mRNA.

Synapsin I protein following perforant pathway transection
[mmunohistochemistry, Following unilateral perforant pathway transection, axons
travelling to the molecular layer of the ipsilateral dentate gyrus degenerate, and the normal
pattern of synapsin I immunoreactivity in this brain region is significantly altered (Figure
28). In unoperated control animals, the molecular layer of the dentate gyrus displayed a
moderate, relatively uniform pattern of immunoreactivity with synapsin I antibodies
(Figures 28A,B, see Chapter V, Figure 21). Following transection of the perforant
pathway, the distribution and intensity of synapsin I immunostaining in the molecular layer
changed in a very ordered fashion (Figure 28C-H). When compared with control sections,
the pattern of synapsin I immunoreactivity in the molecular layer was unaffected 1 day
post-perforant pathway transection (Figure 28C). The molecular layer revealed a
homogenous plexus of immunoreactivity, indicative of the uniform syﬁaptic input along
dendrites of the granule cell neurons.

From the second day post-transection, however, synapsin I immunostaining in the
molecular layer changed dramatically. In sharp contrast to the homogenous pattern of
staining of;gcwed throughout the molecular layer in control and 1 day post-transection
tissue, the relative levels of synapsin I immunoreactivity decreased in the outer two-ihirds
of the molecular layer (the middle and outer molecular layers) between 2 and 4 days post-

perforant pathway transection, reflecting the zone of deafferentation (Figures 28D and E).
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The inner molecular layer remained moderately immunoreactive, while the middle and outer
molecular layers retained only a fraction of their normal immunoreactivity.

From day 4 onward, following perforant pathway transection, a relative increase in
immunoreactivity to synapsin I antiserum was observed in particular subregions of the
molecular layer which varied with survival time. By 7 days post-transection, a slight
increase in synapsin I immunoreactivity was observed in the outer molecular layer,
however, the middle molecular layer remained only lightly stained (Figure 28F). Staining
in the outer molecular layer increased through 14 days post-transection as synapsin I
specific immunostaining in this region became wider and more intense than at earlier time
points (Figure 28G). By 31 days post-transection, a striking change in distribution and
intensity of synapsin I immunostaining was observed in the molecular layer of the dentate
gyrus, as this region now revealed a moderate, near homogenous pattern of
immunoreactivity to synapsin I antibodies, similar to that seen in control tissue (Figure
28H). Within this region, however, the molecular layer was divided by a very thin zone of
light staining separating two uniformly stained regions. In some regions of the molecular
layer this border was barely discernable. Although there were significant overall changes
in the pattern and intensity of synapsin I immunoreactivity in the molecular layer of the
dentate gyrus ipsilateral to perforant pathway transection during the 30 days post-
transection, no comparable changes were observed in the contralateral hippocampus, or in

either hippocampal region of sham-operated or naive control animals.

Synapsin I mRNA following perforant pathway transection
[n_situ hybridization. In contrast to the dramatic changes observed in the pattern and
intensity of Eynapsin I immunostaining in the molecular layer of the dentate gyrus
following perforant pathway transection, the levels of synapsin I-specific hybridization did
not change significantly during denervation and reinnervation of dentate granule neurons

(Figures 29-33). In fact, in situ localization of synapsin I mRNA in sections throughout
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the brains of animals that had survived 1-31 days post-perforant pathway transection
displayed control, steady-state levels of synapsin I mRNA expression in all areas affected
by the lesion (Figure 29). For example, the distribution and intensity of hybridization to
synapsin I probes within the deafferented dentate gyrus (ipsilateral) was indistinguishable
from labeling in the dentate gyrus contralateral to transection and the bilateral hippocampi of
sham operated and naive control rats (Figure 29C,D). Further, tissue from perforant
pathway transected and control rats showed no contralateral/ipsilateral differences in
synapsin I-specific hybridizatibn intensity in neurons of the medial septal nucleus (Figure
29B) or CA4 neurons of the hippocampus (Figure 29C,D), those regions responsible for
the changing pattern of distribution of synapsin I immunoreactivity during the
reorganization and sprouting of afferents to the molecular layer of the dentate gyrus.
However, not suprisingly, labeling intensity was slightly decreased in the entorhinal cortex
ipsilateral to perforant pathway transection (Figure 29C.D), as this surgical procedure
results in an approximate 28% loss of large layer II stellate neurons in the medial entorhinal
cortex (Cummings et al., 1992).

RNA blot analysis. In situ hybridization data were independently confirmed by RNA blot
analysis. These analyses showed no significant difference in the levels of expression of
both the 4.5kb and 3.4kb forms of synapsin I mRNAs in deafferented (ipsilateral) and
contralateral regions of experimental animals and sham-operated- and naive control
animals, sacrificed at varied survival times post-perforant pathway transection (Figure 30).
Further, there were no significant differences in the level of expression of synapsin I
mRNA in neurons in either the hippocampal subfield CA4 (Figure 31) or the medial septal
nucleus (Figure 32). There was, however, a slight, although insignificant, decrease in

synapsin I mRNA observed in layer II stellate neurons of the ipsilateral entorhinal cortex

(Figure 33).




Figure 29, Expression of synapsin I mRNA in medial septal, hippocampal, and
entorhinal neurons by in situ hybridization 31 days following transection of the
perforant pathway. (A) Camera-lucida drawing of the regions from which
synapsin I mRNA was analyzed (Boxes). (B-D) Dark-field photomicrographs of
emulsion-coated horizontal sections obtained from the medial septum (B) and the
hippocampus ipsilateral (O) and contralateral (D) to perforant pathway transection.
Note the uniform levels of expression of synapsin I mRNA in the medial septal and
hippocampal CA4 neurons ipsilateral and contralateral to lesion, The apparent
increase in synapsin I mRNA in the contralateral layer II cells of the entorhinal
cortex reflects cell loss in the same area ipsilateral to lesion. DG, dentate gyrus;

EC, entorhinal cortex; MS, medial septal nucleus.
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Figure 31, Time course of the effects of perforant pathway transection on synapsin
I mRNA expression in hippocampal CA4 neurons. Lower half of the figure shows
original RNA blot from brain punches hybridized with synapsin I or 18s ribosomal
RNA specific probes. Bar graph shows changes in synapsin I mRNA levels in
neurons ipsilateral and contralateral to lesion with time post-lesion, normalized

against 18s rRNA signal.
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Figure 32, Time course of the effects of perforant pathway transection on synapsin
I mRNA expression in the medial septal neurons. Lower half of the figure shows
original RNA blot from brain punches hybridized with synapsin I or 18s ribosomal
RNA specific probes. Bar graph shows changes in synapsin I mRNA levels in
neurons ipsilateral and contralateral to lesion with time post-lesion, normalized

against 18s rRNA signal.
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Figure 33, Time course of the effects of perforant pathway transection on synapsin

I mRNA expression in layer II cells of the entorhinal cortex. Lower half of the
figure shows original RNA blot from brain punches hybridized with synapsin I or
18s ribosomal RNA specific probes. Bar graph shows changes in synapsin I
mRNA levels in neurons ipsilateral and contralateral to lesion with time post-lesion,

normalized against 18s rRNA signal.
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Discussion

Although the specific molecular mechanisms underlying the feleasc of
neurotransmitter from presynaptic nerve terminals remain unknown, several lines of
evidence implicate synapsin I in the regulation of the release process (for reviews, see
Sudhof and Jahn, 1991; Greengard et al., 1993). Likewise, during CNS development,
while recent studies in vitro have provided evidence suggesting a role for synapsin I in the
functional maturation of peripheral synapses, its precise physiological role in the
development of the central nervous system has not been elucidated. To better understand
the relationship between the expression of the synapsin I gene (nRNA and protein) and
particular cellular events during development, i.e., the establishment of synaptic contacts in
the central nervous system, immunohistochemistry and in situ hybridization histochemistry
were employed to localize the expression of synapsin I protein and mRNA throughout the
development and reinnervation of the rat hippocampus. These data demonstrate that
synapsin I protein levels change dramatically during the establishment of synaptic contacts
in the developing hippocampus and during the process of reinnervation of deafferented
dentate granule cell neurons after perforant pathway transection, while changes in the levels
and pattern of expression of synapsin I mRNA were not found to accompany new synapse

formation.

-The morphogenic, neurogenic, and synaptogenic development of the dentate

granule cell neurons of the hippocampus have been extensively studied in the rodent CNS
(Altman and Das, 1965; Bayer and Altman, 1974; Hine and Das, 1974; Schlessinger et al
1975; Kaplan and Hinds, 1977; Bayer, 1980a,b). The morphogenesis of the dentate gyrus
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follows from the pattern of neurogenic differentiation of dentate granule neurons in the
developing hippocampus, as undifferentiated granule cell precursors and immature,
differentiated granule cell neurons migrate radially from the hilus and gradually accumulate
in the granule cell layer (Altman and Das, 1965,1966; Altman, 1966; Bayer and Altman
1974; Schlessinger et al, 1975; Bayer, 1980a; Crespo et al., 1986). This pattern of
development proceeds from the tip of the lateral (ectal) blade to the medial (endal) blade of
the dentate gyrus, such that by postnatal day 21, >80% of adult leve! of mature granule
cells are acquried by the granule cell 1ayer, and the morphological pattern is essentially that
observed in the adult (Bayer and Altman, 1974; Bayer, 1980; Gaarskjaer, 1985).

The pattern of synapsin I mRNA expression revealed by in situ hybridization is
entirely consistent with the morphogenic pattern of development of the dentate granule cell
layer (Figure 24). At the time of birth (P0), as the morphogenesis of the dentate gyrus
begins, synapsin I mRNA is already present in the lateral blade of the developing dentate
granule cell layer (Figure 24A, B). As development proceeds through postnatal day 5/6
(Figure 24C, D), the level of synapsin I mRNA increases in the hilar zone and the distinct
lateral and medial blades of the dentate gyrus become evident. Hybridization intensity in
the hilar region is greatest between postnatal day 5 and postnatal day 8, during the peak
period of neurogenic differentiation of the developing granule cell neurons of the dentate
gyrus. During this time, at least 50,000 neurons are being generated per day, in total,
representing >25% of the complement of the adult dentate gyrus (Schlessinger et al.,
1975). Synapsin I mRNA levels are high in both the lateral (ectal) and medial (endal)
blades of the dentate gyrus already by this time in postnatal development, nearly equal to
those observed in the adult. By postnatal day 11 and beyond, the segregated appearance,
pattern, and relative intensity of hybridization to synapsin I probes in the dentate gyrus
indicate that synapsin I mRNA levels are equal to those observed in the adult rat central
nervous system (Figure 24E-J). Further, RNA blot analysis shows adult, steady state
levels of both the 4.5 kb and 3.4 kb forms of synapsin I mRNA are present by postnatal
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day 14 and continue through postnatal day 31 in the dentate granule cells of the developing
dentate gyrus. These data confirm our observations in situ, that adult levels of synapsin I
mRNA are present in dentate granule neurons in the second postnatal week.

From the viewpoint of neuronal competition, thc~appearancc .of high levels of
synapsin I mRNA immediately upon the neurogenic differentiation of dentate granule cell
precursors suggests that synaspin I gene expression may preload neurons to allow for rapid
synapse formation upon contact with a limiting number of targets during synaptogenesis.
However, the appearance of detéétablc levels of synapsin I protein by
immunohistochemistry does not conform to the developmental pattern of expression
suggested by the levels of its mRNA. Synapsin I mRNA in granule cell neurons of the
developing dentate gyrus reached its high, near adult levels of expression by postnatal day
6. In contrast, very little, if any, synapsin I protein was present in the mossy fiber terminal
fields of these neurons at this time in development. In fact, synapsin I protein does not
begin to accumulate in mossy fiber terminals until approximately postnatal day 21, or reach
its adult concentration in these terminals until around postnatal day 31.

The comparatively late appearance of synapsin I protein in the hilar region of the
dentate gyrus during development could have several explanations. One possible
explanation for this discrepancy is that mossy fiber terminals of dentate granule neurons are
not present until later in the developmental period, beyond postnatal day 21. However,
histochemical as well as fluorescent tracing studies suggest that mossy fiber terminals
establish synaptic contact with the cells in the hilar region and with proximal dendrites of
adjacent pyramidal neurons of hippocampal zones CA3 (regio inferior) very early in the
developmental period, and that the mossy fiber zone has the adult segregated appearance at
the outset of postnatal life (Stirling and Bliss, 1978; Zimmer and Haug, 1978; Amaral and
Dent, 1981, 1985). Further, Gaarskjaer (1985) and Amaral and Dent (1981) have shown
that the mossy fibers and their connections are, in principle, fully matured morphologically,
by postnatal day 10-15, although a more subtle and protracted development of the system




95

persists long into adulthood.

High levels of synapsin I mRNA in dentate granule cell neurons coupled with a lack
of immunostaining of synapsin I protein in their mossy fiber termmals early in the postnatal
developmental period could suggest that the protein is produced at adult levels in neurons
of the developing dentate gyrus but not localized to and Concentrated in the presynaptic
nerve terminals until relatively late in the development of those cells. However, in contrast
to the uniform level of synapsin I mRNA expressed in the dentate gyrus during this period
of granule cell development, Western blot analysis of protein prepared from dentate granule
neurons and their mossy fiber terminals clearly shows that levels of synapsin I protein
present at postnatal day 31 are 2-5 fold higher than those present 10 days earlier at postnatal
day 21. Thus, although the synapsin I gene establishes its high adult level of mMRNA
expression early in the development of the dentate gyrus, by P6-P11, synapsin I protein
does not reach its extremely high, adult levels in the presynaptic nerve terminals of granule
cell neurons until well into the Postnatal developmental period, around postnatal day 31.
Differences in the turnover of synapsin I mRNA and/or protein may result in the
developmental patterns of expression observed in the dentate granule neurons. Since our
studies measure steady-state levels of synapsin I mRNA and protein, the extent to which
differences in mRNA and protein stability are involved remains unknown.

Alternatively, the comparatively late postnatal appearance and accumulation of
synapsin I protein in the mossy fiber terminals of dentate granule neurons could suggest
that synapsin I gene products mediate different functions in the developing and adult
nervous systems. Recently, it has been proposed that synapsin I may participate in the
functional maturation of developing peripheral synapses by promoting the maturation of
secretion mcchamsms during development (Lu et al,, 1992). A review of the development
and maturation of the dentate area and the mossy fiber projection system suggests that cells
of this region form a morphologically mature structure relatively early in the developmental
period, acquiring >80% of its cells by postnatal day 21, and the mature complement of its
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synaptic staining and dendritic expansions between postnatal days 10-15(18) (Zimmer and
Haug, 1978; Amaral and Dent, 1981; Gaarskjaer, 1981, 1985). Electrophysiological
studies suggest that mossy fiber synapses do not elicit mature synaptic events until or after
postnatal day 15, as population spikes may only be reliably elicited after this stage of
hippocampal development (Bliss et al., 1974). Since detectable levels of synapsin I protein
begin to appear in the mossy fiber terminals of dentate granule neurons on or around
postnatal day 21 of development (and not at adult levels until after this time), the lag in
detection suggests that synapsin I protein is only fully accumulated in presynaptic nerve
terminals during the functional maturation of their synapses. Further, this phenomenon
may be a general property of the expression of synaptic terminal proteins, as the synaptic
vesicle protein, synaptophysin, increases as well in the mossy fiber zone through this

period of hippocampal development.

Lesions of hippocampal circuitry produce strikingly similar observations to those
made during hippocampal development. Following entorhinal cortex ablation and/or
perforant pathway transection, fibers originating from extra- and intrahippocampal neurons
reinnervate the deafferented dentate gyrus, restoring active synapses to the outer and middle
molecular layers of its dendritic field (Lynch et al, 1972; Lynch et al., 1973, 1977,
Zimmer, 1973; Zimmer and Hjorht-Simonsen, 1975; Steward and Vinsant, 1983). This
process begins a few days after deafferentation (3-4 days), until virtually all the lost inputs
are replaced, and the synaptic density of middle and outer molecular layers is approximately
80% of their-prelesion values, by 2-6 months post-lesion (Hoff et al., 1982; Steward and
Vinsant, 1983).

From a functional standpoint, physiological and behavioral studies (Steward et al.,

1973; Loeshe and Steward, 1977; Steward, 1981; Reeves and Steward, 1988) have
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demonstrated that neuronal sprouting in the molecular layer of the dentate gyrus is
important for the recovery of unit activity of neurons in the dentate granule cell layer and of
learned alternation behavior after unilateral éntorhinal cortex lesions, and most
significantly, that these activities recover to levels comparable to preicsion controls between
8-14 days post-lesion. A comparison between the time course and pattern of synapsin I
immunoreactivity and sprouting-related physiological and behavioral changes suggests that
the reappearance of synapsin I protein in the molecular layer of the dentate gyrus correlates,
temporally and topographically, with the recovery of synaptic function in this region.
Synapsin I immunoreactivity increases during the reinnervation of the molecular layer,
beginning first in the outer molecular layer around 7 days post-lesion and increasing to
control levels in this region by 14 days post-lesion. This increase in synapsin I in the outer
molecular layer correlates with the proliferation of the crossed temporodentate pathway
(CTD), a functionally homologous pathway originating in the contralateral entorhinal
cortex. This pathway is known to participate in the physiological and behavioral recovery
of function following unilateral entorhinal cortex lesions (Steward et al., 1973; Steward,
1976; Locshe and Steward, 1987). Further, the post-lesion time course of increase in
synapsin I protein in the outer molecular layer correlates precisely with the time course of
post-lesion increases in CTD evoked potentials (Reeves and Smith, 1987) and the recovery
of T-maze alternation performance (Loeshe and Steward, 1977), reaching prelesion values
by 14 days post-lesion. By 31 days post-lesion, well before the process of reinnervation
establishes pre-lesion synaptic density, but after the restoration of physiological and
behavioral function, the molecular layer revealed a moderate, near homogenous pattern of
synapsin I immunoreactivity, similar to that seen in sham-operated and naive control tissue.
In accord with'the developmental studies, these data suggest that during the
establishment/restoration of functional synaptic contacts in the lesioned hippocampus, the
appearance of synapsin I protein in the neuropil does not reflect simply synaptogenesis, but

coincides temporally and topographically, with the functional maturation of newly created
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synapses in the central nervous system.

Previously our laboratory has shown that the peak expression of synapsin I mRNA
coincides with the major period of synapse formation of the granule cell population in the
developing rat cerebellum (Haas and DeGennaro, 1988). More recently, we have
confirmed these observations in the granule cells of the developing rat hippocampus
(Melloni and DeGennaro, submitted; see Chapter IV). Therefore, since it appears that
synapsin I gene expression is regulated in a coordinate fashion with synaptogenesis, it
might be predicted that this expression would undergo changes in both target and sprouting
neurons in response to and during the denervation and reinnervation of the hippocampus.

Recently, several studies have shown changes in the expression of mRNAS such as
prodynorphin and proenkephalin (Xie et al., 1990), SNAP-25 (Geddes et al., 1990b,c),
To-tubulin (Geddes et al., 1990ab; Poirier et al., 1990, 1991), and SGP2 (May et al.,
1990), in the hippocampus in response to variations in neuronal activity and connectivity.
In contrast, during the early period of denervation following entorhinal cortex ablation and
through the time that innervation is reestablished as a result of neuronal sprouting,
hippocampal type II calcium calmodulin-dependent protein kinase, B-NGF and a-actin
mRNAs s levels have been shown not to change (Whittmore et al., 1987; Benson et al.,
1992). By in situ hybridization and RNA blot analysis, our data revealed that the level of
expression of synapsin I mRNA in granule cell neurons of the contra- and ipsilateral
dentate gyrus did not significantly differ following perforant pathway transection from that
of naive or sham-operated control animals. As deafferentation of the dentate gyrus by EC
lesion results in the removal of approximately 60% of the total innervation to dentate
granule cell neurons, reducing the ongoing activity of those neurons by an average of 60%-
80% at early-post-lesion intervals (1-4 days post-lesion) (Reeves and Steward, 1988), the
most straightforward interpretation of these results is that neuronal activity is not necessary
for the maintenence of high levels of synapsin I gene expression in neurons of the dentate

granule cell layer of the adult hippocampus, and that neuron-target interactions are not




important in synapsin I gene regulation in the adult animal.

During the reinnervation of the denervated dentate gyrus, those neurons responsible
for forming active synapses in the deafferented zone have been shown to express elevated
levels of Tal tubulin, SNAP-25, and p75NGFR mRNA s (Geddes et él., 1990ab; Gibbs et
al., 1991). In contrast, by in situ hybridization and RNA blot analysis, our studies
revealed no significant changes in the relative levels of synapsin I mRNA in neurons in
those brain regions responsible for the sprouting response following perforant pathway
transection. Since dramatic changes in the pattern and intensity of synapsin I
immunoreactivity were observed in the molecular layer during its reinnervation, this
observation implies that increased synthesis of synapsin I mRNA is not necessary for the
large increases in synapsin I protein observed in the terminal fields of sprouting neurons.
Rather, it is likely that the synapsin I gene is stably expressed in mature, differentiated
neurons in the adult animal, undergoing very little, if any, further regulation after
development. Studies of synapsin I gene expression in vitro support this conclusion, as
expression of the synapsin I gene in PC12 cells shows only modest increases
(approximately 2 fold) upon treatment with agents that promote neuronal differentiation e ‘
(Howland et al., 1991). In fact, inspection of the 5' flanking promotor region of the rat
synapsin I gene reveals a GC-rich sequence lackin g the conventional TATA and CAAT box
elements (Howland et al., 1991). Such promotor sequences share striking homology to
elements in a large subclass of stably expressed genes, including several housekeeping
genes (Smale and Baltimore, 1989; Blake et al., 1990). It is reasonable to conclude then,
that the synapsin I gene is further regulated at some post-transcriptional or translational
level during development and hippocampal reinnervation, as differential levels of synapsin
I protein occur without concommitant changes in levels of synapsin I mRNA.

In conclusion, the data presented in this chapter present a detailed comparision of
the time course and pattern of hippocampal synapsin I gene expression (nRNA and

protein) during development and in response to selective denervating lesions. On a
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molecular level, both developmental and lesion data suggest that the expression of the
synapsin I gene is tightly regulated in the CNS, as considerable changes in synapsin I
protein occur in neurons without concommitant changes in levels of its mRNA. From a
functional standpoint, the data suggests that the appcarance/rcappcaxﬁncc of synapsin I
protein in the neuropil of developing and sprouting neurons does not reflect simply
synaptogenesis, but coincides temporally and topographically, with the period of the
functional maturation of those central synapses. Thus, examination of synapsin I
immunoreactivity in the brain may be used as a sensitive indicator of the
establishment/maintenence and/or the loss/recovery of functional synapses in the CNS. As
such, this phenomenon may be useful in investigating alterations in neural circuitry in
response to CNS injury and in variety of neuropathological conditions such as temporal

lobe epilepsy and Alzheimer's disease.
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Chapter VII

DISCUSSION

As discussed in the previous chapters, there is a growing body of evidence which
suggests that the expression of the neuron-specific phosphoprotein synapsin I plays an
important role in the establishment and maintenance of synapses in the developing nervous
system and in the restoration of synapses in the pathologically damaged nervous system.
However, until now, the regulation of the expression of the synapsin I gene and its
relationship to the expression of synapsin I protein during the formation of functional
synapses in the CNS had not been described. To this end, experiments presented in this
dissertation examine (1) the patterns of expression of the synapsin I gene in the normal
developing and adult rodent nervous systems, (2) the relationship between the levels of
expression of synapsin I mRNA and protein during the development and maintenance of
synapses in the neonatal and adult rodent hippocampal formation, (3) the regulation of
synapsin I gene expression (nRNA and protein) during synaptic turnover and
reorganization in the hippocampal formation following lesions of the perforant pathway.
The results of these experiments, their significance, and the implications for future work

are discussed below.

Synapsin I gene expression in vivo.
1 i i ne ex i
In vivo, synapsin I protein was found to appear in neuropil regions of the nervous
system coincident with the peak period of synaptogenesis (Lohman et al., 1978; De Camilli
et al., 1983a,b; DeGennaro et al., 1983). In fact, studies by Mason (1986) reveal the

presence of the protein in growth cones of basket cell neurons in the developing
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cerebellum. Based on these data it is possible that synapsin I plays a role in the very early
development of the rat nervous system. Indeed, recent studies by Han et al. (1991) and Lu
et al. (1992) provide evidence that the synapsins participate in the morphological and
functional maturation of secretion mechanisms.

We have used in situ hybridization to localize the expression of the synapsin I gene
throughout the embryonic and postnatal development of the rat nervous system. These data
reveal that the expression of the synapsin I gene is high in utero, and remains high in the
central nervous system throughout postnatal life in the rat. Our localization of synapsin I
mRNA during CNS development provides insight into the temporal and spatial expression
of the synapsin I gene in relation to the state of differentiation of particular types of
neurons. Given the time frame of expression, our data clearly show that the temporal onset
of synapsin I gene expression precedes the process of synaptogenesis, which constitutes a
late event in brain development, occuring mainly between the first and fourth postnatal
week in the rat (Aghajanian and Bloom, 1967; Lohmann et al., 1978). Studies of synapsin
I gene expression during the early postnatal development of the rat cerebellum and
hippocampus reveal a biphasic pattern of expression of the gene in developing neurons. In
the cerebellum, the first phase of synapsin I gene expression (the temporal onset of
expression of synapsin I mRNA) is shown to be coincident with the period of terminal
differentiation of Purkinje and granule cell precursors after their final cell division
(neurogenesis). This observation is confirmed in the developing granule cell population of
the rat hippocampus, as a burst of synapsin I-specific hybridization is observed coincident
with neurogenesis in the proliferative zone of the hilus. The postnatal onset of c*prcssion
of the synapsin I gene in the granule cells of the hippocampus and cerebellum suggests it
belongs 1o a class of "late onset" mRNAs, whose appearance correlates with the terminal
differentiation of neuronal precursors. The onset of expression of the synapsin I gene
during the final stage of neuronal maturation is similar to several neuron-specific genes

whose protein products are expressed predominently postnatally such as Thy-1 (Barclay,




103

1979), neuron-specific enolase (Marongos et al., 1980), rat nervous system antigen G5
(Akeson et al., 1983), DARPP-32 (Lewis et al., 1983), MIT-23 (Hawkes et al., 1982),
tau-microtubule associated proteins (Ginzburg et al., 1982), aBB'-spectrin (Lazarides and
Nelson, 1983), 1B236 (Lenoir et al., 1986), o- and B-tubulin (Bhatﬁchmya et al., 1987),
and inositol 1,4,5-triphosphate 3-kinase (Mailleux et al., 1993).

Developmental studies of the time course of expression of synapsin I protein in
cerebellum by Mason (1986) support the early expression of the synapsin I gene product in
postnatal development. In these studies, synapsin I protein was shown to be expressed in
axonal growth cones in neonatal mouse brain. At these ages, the entire terminal arbors of
growing axons are synapsin I-positive, in contrast to later postnatal and adult periods,
when only synaptic boutons express synapsin I. Thus, for synapsin I protein to exist in
developing growth cone structures before the development of classical synaptic terminals,
the temporal onset of expression of the synapsin I gene must occur prior to the process of
synaptogenesis. However, as this analysis of synapsin I localization in growing axons is
one of few reported, only limited information is available regarding the regulation of the
expression of synapsin I in vivo. In vitro analyses suggest that synapsin I protein levels
are extremely low in the brains of neonatal rats, yet our results clearly show that the level of
expression of synapsin I mRNA is high by this stage in development. Although caution
must be exercized in the interpretation of these data, the most straightforward interpretation
of this discrepancy between mRNA and protein levels opens the possibility of post-
transcriptional control in the regulation of synapsin I expression during the development of
the rat CNS. Further study of the direct relationship between levels of synapsin I mRNA
and protein (e.g. mRNA stability and pulse-chase studies) are needed to elucidate the
precise molecular mechanism of synapsin I gene regulation during the development and
adult life of the rat.

In the second phase of synapsin I gene expression, (previously characterized in the

cerebellum by Haas and DeGennaro, 1988) synapsin I mRNA increases to a maximum for
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a given neuronal population during the peak period of synapse formation (synaptogenesis)
of those neurons. We have extended these earlier studies using the developing rat
hippocampus as model system. We have found that synapsin I gene expression is
modulated concurrently with synaptogenic differentiation in the granule neurons in the
developing dentate granule cell layer. This conclusion, which is consistant with the
postulated role of the encoded protein in promoting the functional maturation of developing
synapses in the rat nervous system, is supported by three independent lines of evidence.
First, in vitro translation assays have shown previously that polysome-associated synapsin
I mRNA activities were highest between 1 and 4 weeks of postnatal life, coinciding with a
period of rapid formation of recognizable synapses in developing brain (DeGennaro et al.,
1983). Second, in endogenous phosphorylation assays, synapsin Ia and Ib polypeptides
were shown to increase markedly during the time of major synaptogenesis in rat and guinea
pig cerebrum (Lohmann et al., 1978). Third, in cerebellar axons, the restriction to and
concentration of synapsin I protein in the presynaptic terminal bouton follows axon arrival,
and coincides with the appearance of elementary synapses, accompaning the transformation
of growing tips into stereotypic synaptic boutons (Mason, 1986). Together, these data
suggest that the early expression of the synapsin I gene is required for the normal
development of synaptic structures in the rat central nervous system.

As such, these studies indicate that the expression of the synapsin I gene in
particular populations of cells could be used as a molecular marker of differentiated neurons
during the development of the nervous system. However, the coincidence of synapsin I
gene expression with the peak periods of neurogenic and synaptogenic differentiation in the
developing nervous system raises the question‘of whether the synapsin I gene product is
absolutely crucial for proper differentiation and development of neurons and their central
synapses, or whether its function is restricted to its hypothesized role as a regulator of
synaptic transmission in the nervous system. Further investigation establishing direct

comparisons between synapsin I mRNA and protein expression during development or in
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response to pathophysiological events, may provide an answer to this question. In
addition, the production of transgenic mice, mutant in different segments of the synapsin I
gene, and subsequent analysis of the devclopmént of well characterized structures in the
brain (both neuronal and synaptic) will be necessary to better mdasﬁnd the precise role of
synapsin I in nervous system development. Such experiments may prove useful for
characterizing functional domains of the synapsin I protein as they pertain to the

development of the nervous system in vivo.

Synapsin I protein is known to be widely, but not vuniformely, distributed
throughout the rat central and peripheral nervous systems, and the relative level of synapsin
I in neuropil regions across the adult rat neuraxis has been postulated to reflect the
functional properties of those central synapses (Sudhof et al., 1989; Apostolides et al., in
press). Although the heterogeneous distribution of synapsin I protein has been well-
characterized, the pattern and relative levels of expression of the synapsin I mRNA have
been unknown. To gain insight into the specific properties and functional requirements of
those neurons whose termini comprise central synapses, I have used in situ hybridization
histochemistry and RNA blot analysis to examine the regional and cellular distribution and
relative levels of synapsin I mRNA in the adult rat central nervous system. These data
represent the first extensive report published detailing the expression of the synapsin I gene
in the rodent brain (Melloni et al., 1993).

Together the RNA blot and in situ hybridization data provide biochemical and
histochemical evidence of regional variability in the level of synapsin I mRNA in the rat
central nervous system. By in situ hybridization, the synapsin I gene was found to display
a widespread yet regionally Qariable pattern of expression throughout the adult brain,
similar to the distribution of mRNAs encoding the neuron-specific synaptic terminal
proteins synaptophysin (Marqueze-Pouey et al., 1991), VAMP-2 (Elferink et al., 1989;
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Trimble et al., 1990), and SNAP-25 (Geddes et al., 1990). Synapsin I mRNA was
expressed in all neurons in the central nervous system, which is consistent with previous
immunohistochemical data showing that synapsin I protein is present in virtually ail
presynaptic terminals examined, regardless of the type of nemouansﬁﬁner contained within
(De Camilli et al., 1983a,b; Huttner et al., 1983; Navone et al., 1984; Benfenati et al.,
1989).

In discrete regions of the rat brain, particular subsets of neurons express different
levels of synapsin I mRNAs. In some areas of the brain, the pattern and intensity of
synapsin I-specific hybridization parallel the cell density in the region, while in others the
levels of expression of synapsin I mRNA reflect differences representative of the neuron-
specific expression of the gene. The best example of the former case are the neurons of the
anterodorsal nucleus of the thalamus. In this region, neurons are packed tightly into a
cluster forming a nucleus of cells. As a result of this morphology, hybridization intensity
in this region appears extremely high, although, unfortunately, a detailed analysis of the
levels of synapsin I mRNA on a per cell basis are precluded by the sheer density of
neurons in the region. In the latter case are the superficial layer V pyramidal neurons of the
rat somatic sensory-motor (SSM) neocortex. Although all pyramidal neurons possess
conical cell bodies and apical and basal dendrites, the size and location of their cell bodies
vary greatly (Lorente de No, 1938; O'Leary, 1943; Lund, 1973). Layer V neurons of the
rat SSM cortex can be subdivided into two sublaminae. The deeper layer, Vb, contains
many large pyramidal neurons. The more superficial layer Va, mainly contains small to
medium-sized pyramidal neurons and is cell sparse in the SI cortex. In comparision to their
neighboring neuronal populations (layer IV, Vb, and layer VI), layer Va neurons appear to
express elcvay:d levels of synapsin I mRNA. Retrograde labeling (Jones et al., 1977; Wise
and Jones, 1977; Donoghue and Kitai, 1981) and electrophysiological (Donoghue and
Kitai, 1981) studies have indicated that these small-to—medium—si}zed neurons located in the

upper part of laminia V of the rat SSM cortex form the main, if not the sole, population of
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cortical neurons that project directly to the neostriatum and the thalamus, regions previously
shown to express high-to-intense levels of synapsin I immunoreactivity (Apostolides et al,,
in press, see Chapter V, Figure 20). In turn, although these neurons display a very
confined dendritic field, they posess an extensive dendritic spine net§vork and subsequently
receive the most thalamocortical synapses of any pyramidal cell examined in layer V of the
SSM cortex (Hersch and White, 1981). These data lead to the speculation that the high
levels of synapsin I mRNA in neuronal somata is correlated with high levels of synapsin I
protein in their presynaptic terminal boutons, and that the extent of direct synaptic circuitry

can influence the level of synapsin I gene expression.

Regulated expression of synapsin I mRNA and protein
Normal adult rat hippocampus

To address directly the possibility that high levels of synapsin I mRNA in discrete
subsets of neurons may reflect the amount of synapsin I protein present in the presynaptic
terminal fields of those neurons, I examined in detail the local distribution and relative
levels of expression of both synapsin I mRNA and protein in defined synaptic circuits of
the adult rat hippocampus. Those circuits examined were the first and second synapses in
the trisynaptic circuit of the hippocampus, most notably the entorodentate (entorhinal cortex
to dentate gyrus) and mossy fiber (dentate gyrus to CA3-CA4) synapses. In these regions,
the layer II stellate neurons of the entorhinal cortex and the granule cell neurons of the
dentate gyrus express comparable levels of synapsin I mRNA. However,
immunohistochemistry revealed different levels of expression of synapsin I protein in the
presynaptic terminal fields of these two cell populations. Thus, the level of synapsin I
mRNA present in the somata of adult hippocampal neurons does not reflect simply the
amount of synapsin I protein present in their presynaptic terminal fields. We propose that
the different levels of expression of synapsin I mRNA and protein in these synaptic circuits

may reflect differences in the functional properties and/or requirements of neurons which




form these central synapses. We further speculate that the discrepancy between the levels
of expression of mRNA and protein may specify the use of post-transcriptional

mechanisms in the regulation of the expression of the synapsin I gene in the CNS.

Devel | and Lesion Studi
To examine the regulation of the synapsin I gene during the establishment and

reorganization of synapses in the CN S; studies of the expression of synapsin I mRNA and
protein during hippocampal development and in response to lesions of hippocampal
circuitry were performed. Developmental studies employing in situ hybridization and RNA
blot analysis revealed that synapsin I mRNA was expressed at its high, near adult level in
the dentate granule cell layer by the end of the first postnatal week of the developmental
period. By comparison, however, the level of synapsin I protein present in mossy fiber
terminals of dentate granule cell neurons during this period of development was sufficiently
low to be undetectable by standard immunohistochemical techniques. In fact, there is a
significant time lag between the expression of high (adult) levels of synapsin I mRNA and

the appearance of detectable amounts of synapsin I protein in the synaptic termini of these

neurons during development. Further, adult levels of protein in mossy fiber terminals were
not observed until considerably later in development, around the fourth postnatal week.
The most straightforward interpretation of these data suggests that synapsin I mRNA levels
are stable in developing neurons of the central nervous system, and that regulation by post-
transcriptional mechanisms are responsible for the lag in expression of synapsin I protein in
developing mossy fiber synapses. Further, as subsequent immunohistochemical and
Western blot experiments have indicated, the amount of synapsin I protein is 2-5 fold
greater in P31 dentate granule neurons and their mossy fiber synapses than in P21 neurons,
These data suggest that post-translational regulation at the level of protein modification
and/or translocation is unlikely, and that regulation most likely occurs utilizing post-

transcriptional and/or translational regulatory mechanisms.
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Studies of lesions of adult hippocampal circuitry support this conclusion.
Following lesions of the perforant pathway, the molecular layer of the dentate gyrus is
reinnervated by the selective sprouting of sufviving afferent systems in the zone of
denervation. By immunohistochemistry, we observed dramatic chahges in the pattern and
intensity of synapsin I protein in the presynaptic terminal fields of sprouting neurons, and
since we have previously established that the expression of synapsin I mRNA is up-
regulated during the process of synaptogenesis, it was predicted that the expression of the
synapsin I gene would be up-regulated in sprouting neurons in the central nervous system.
However, in situ hybridization and RNA blot analyses revealed no significant changes in
the relative levels of expression of synapsin I mRNA in those neurons responsible for the
changing patterns of synapsin I immunoreactivity following lesion. These results, coupled
with the data compiled in the developmental studies, imply that increased synthesis of
synapsin I mRNA is not necessary for the large increases in synapsin I protein observed in
the terminal fields of developing and/or sprouting neurons. Rather, it is likely that the
expression of the synapsin I gene is stable in neurons, and undergoes very little, if any,
transcriptional regulation after synapse development. Together with our previous data
showing that the expression of synapsin I mRNA is initiated during the neurogenic
differentiation of neuronal precursors, and upregulated during the peak period of synapse
formation (see Haas and DeGennaro, 1988; and above), we speculate that synapsin I gene
expression is regulated by multiple molecular mechanisms i vivo, including transcriptional
as well as post-transcriptional and/or translational mechanisms. This phenomenon is not
uncommon, as several neuron-specific genes such as tyrosine hydroxylase (Gizang-
Ginsberg and Ziff, 1990; Miller et al., 1991), peripherin (Lindenbaum et al, 1988),
neurofilament (Thompson and Ziff, 1989), and growth-associated protein 43 (GAP-43)
(Nedivi et al., 1991; 1992; Perrone-Bizzozero et al., 1993) have recently been shown to be
regulated by transcriptional and post-transcriptional mechanisms.

Several possibilties for the transcriptional activation and up-regulation of synapsin I
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gene expression during neurogenesis and synaptogenesis exist. However, the most likely
mechanism for the neuron-specific activation of the synapsin I gene during development is
one of selective derepression, similar to that seen in several other developmentally regulated
neuron-specific genes, including the SCG10 (Mori et al., 1990) and typc II sodium channel
(Maue et al., 1990). This mechanism implicates a factor(s) present in neuronal precursor
and nonneuronal cells that acts in trans by selectively binding a silencer element(s) in the
promotor region of neuronal genes. This binding to the silencer element confers dominant
negative regulation and selectively suppresses the expression of neuronal genes in neuronal
precursor and nonneuronal cells. Subsequently, the activation of neuronal expression
involves the release of repression of neuron-specific genes in cells of neuronal lineages
during the process of neuronal differentiation (Mori et al., 1990). The presence of silencer
clements have been identified in several eukaryotic genes. Some, like those in the SCG10
and type II sodium channel genes, have been shown to promote cell type-specific
expression (Muglia et al., 1986; Nir et al., 1986; Winoto and Baltimore, 1989). As such,
the initial derepression of synapsin I gene expression may be conferred by the presence of a

neuronal silencer in its distal 5’ promotor. ! ‘;J;;ii““

A comparison of the 5' promotor DNA sequences of the SCG10, type II sodium
channel, and synapsin I genes indicates similar elements which may regulate the tissue-
specific and developmental-stage specific expression. Mori et al., (1992) identified a short
sequence homology conserved between the 5' promotor regions of the SCG10, type II
sodium channel and the synapsin I genes. This region in the synapsin I promotor shows
>90% sequence identity to a sequence in the SCG10 5' promotor known as the neural-
restrictive silencer element (NRSE). Although the neuron-specific expression of the
synapsin I gene is known to be regulated by the region of the synapsin I promotor
encompassing these sequences, it had not been clear whether it contained functional
silencer elements (Sauerwald et al., 1990; Howland et al., 1991; Thiel et al., 1991). Just

recently Li er al., (February, 1993) have shown that the putative NRSE sequence in the




human synapsin I gene contains a functional silencer element. This element, located at

positions -231 to -211 in the human synapsin I 5' promotor region, selectively represses
the transcription of the synapsin I gene in nonneuronal cells. Further, these studies
demonstrated the presence of a sequence-specific synapsin I silencer—i)indjng protein in
nonneuronal cell extracts whose binding, in vitro, correlated well with the repression of
transcription of the synapsin I gene in vivo. These studies went further to propose the
existence of additional cis-acting element(s) within the promotor region that also contribute
to the neuron-specific expression of the synapsin I gene.

As is the case for a number of silencer elements identified thus far (Weinberger et
al., 1988; Savagner et al., 1990; Weissman and Singer, 1991), the synapsin I NSRE may
function in concert with cell type-specific positive-acting elements to achieve neuron-
specific expression of the synapsin I gene. For example, is the lineage-specific
transcriptional activation of the synapsin I gene influenced by environmental signals such
as nerve growth factor (NGF) or other NGF-like trophic factors? As detailed previously,
the synapsin I 5' promotor region posses specific sequence regulatory elements such as a
cyclic AMP responsive element (CRE) and an AP-1 site, located at -151 bp and -1397 bp,
respectively (Howland et al., 1991). AP-1 sequence elements have been shown to bind
several combinations of the immediate early gene (IEG) family products, cellular proto-
oncogenes known to act as transcription factors in eukaryotes. During development, a
variety of trophic factors such as N GF, brain-derived neurotrophic factor (BDNF), ciliary
neurotrophic factor (CNTF), and fibroblast growth factors (aFGF and bFGF) have been
shown to influence the survival and differentiation of neuronal cells (Barde, 1989). These
factors act through binding to membrane associated receptors. These receptors are typically
coupled to signaltransduction pathways which generate second messen gers such as cAMP,
which activate IEG products. These proteins bind as homodimers to the specific sequence
elements utlimately resulting in activation and/or increase in target gene expression. For

example, NGF, which is normally expressed in target tissues and retrogradely transported
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to neuronal somata (retrograde signaling), has been shown to promote the phenotypic
conversion of adrenal chromaffin cells to sympathetic neurons (Greene and Shooter,
1980). One of the earliest responses to NGF in PC12 cells is the rapid, transient, and
protein synthesis-independent induction of several genes encoding mémbers of the IEG
family. This rapid activation of IEG expression has led to the proposal that these proteins
initiate a cascade of transcriptional events which culminate in neuronal differentiation
(Greenberg et al., 1985; Sheng, 1990). With regard to synapsin I gene expression, it is
distinctly possible that retrograde and receptor-coupled enviromental cues are also involved
in the activation of synapsin I gene expression during neurogenesis. Moreover, since the
neuronal and synaptic milieu of both the cerebellum and hippocampus are extremely diverse
later in development, we speculate that these cues may also influence or direct the up-
regulation of synapsin I gene expression during the process of synaptogenesis in the
developing brain.

In addition to the presence of NRSE sequences in the promotor regions of the type M
II sodium channel (Maue et al., 1990) and synapsin I (Howland et al., 1991) genes, -

sequence analyses indicate that the promotors of these genes are GC-rich and lack strong

TATA box elements, sequence elements that specify transcription initiation in many other
genes (Blake et al., 1990). Further, the SCG10, type II sodium channel, and synapsin I
promotors contain multiple transcription initiation sites (Maue et al., 1990; Mori et al.,
1990, Howland et al., 1991). Although the functional significance of multiple start sites is
unknown, many genes that are regulated during differentiation (Anderson et al., 1988;
Biggin and Tjian, 1988), as well as a variety of housekeeping genes which lack strong
TATA homologies, are encoded by transcripts with different 5' ends. Further dissection of
the synapsin[_I distal and proximal 5' promotor regions and subsequent reporter gene
analysis as well as production of transgenic mouse mutants of the synapsin I promotor

should provide insight into the developmentally-regulated expression of the synapsin I

gene.
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As with the case for the transcriptional regulation, there exist several possibilities
for the post-transcriptional and/or translational regulation of the synapsin I gene. Post-
transciptional regulation can occur by several niechanisms operating at multiple levels in
eukaryotic cells. The regulation of primary RNA transcripts can occﬁr at such levels as
splicing and processing, or at the level of transport from the nucleus to the cytoplasm.
Subsequently, cytoplasmic mRNAs can be subject to regulation at the level of mRNA
turnover, itself dependent upon such factors as inherent mRNA stability and degradation
via the absence or presence of intrinic (passive turnover) and extrinsic (regulated turnover)
factors (see review by Peltz et al., 1991).

We speculate that one possible mechanism for the post-transcriptional regulation of
the synapsin I gene during establishment and remodeling of central nervous system
synapses is similar to that seen in the neuron-specific gene, GAP-43 (Brown et al., 1992;
Kohn and Perrone-Bizzozero, 1992). GAP-43 is a developmentally regulated
phosphoprotein which has been linked to the development, regeneration, and remodeling of
axonal connections (for reviews see Skene, 1989; Benowitz and Perrone-Bizzozero,
1991). High GAP-43 mRNA and protein levels are typically associated with axonal
growth during development and following neuronal injury (Neve et al., 1987; Perrone-
Bizzozero et al, 1991). Following transection of the mouse inferior gluteal nerve, collateral
sprouting of the uninjured superior gluteal (SGN) nerve fibers serve to reinnervate the
adjacent zone of denervation (Brown et al., 1992). During this process, marked increases
in GAP-43 protein were detected within collateral sprouting fibers of the SGN. However,
when fluorogold (a retrograde tracer) was applied to the surface of the muscle to identify
sprouting motorneurons with axons in the superior nerve, fluorescent cells had mRNA
levels indisﬁpguishable from those of motomeurons in other parts of the motor column.
Thus, in a similar fashion to synapsin I, the increased synthesis of GAP-43 mRNA is not

necessary for the large increases in GAP-43 protein observed in the presynaptic terminal

fields of sprouting motoneurons. As we have speculated for synapsin I, the regulation of
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GAP-43 gene expression appears to be mediated at both the transcriptional (Nedivi et al.,
1991; 1992) and post-transcriptional levels (Irwin et al., 1991; Kohn and Perrone-
Bizzozero, 1992; Perrone-Bizzozero et al., 1993). At the post-transcriptional level, GAP-
43 expression appears regulated by protein kinase C-dependent stabiliiation of the mRNA
(Perrone-Bizzozero et al., 1993). Sequence dissection of the 3'untranslated region (UTR)
of GAP-43 mRNA revealed the presence of a highly conserved sequence element
(UUUCCCACCCA-14bps-UGUGUGGCAAA). Further studies investigating RNA-
protein interactions between this conserved region of the 3'UTR of GAP-43 mRNA and
cytosolic brain proteins have implicated sequences in the 3'UTR in the post-transcriptional
regulation of GAP-43 gene expression (Kohn and Perrone-Bizzozero, 1992).
Subsequently, three GAP-43 mRNA binding proteins have been identified whose putative
function in the post-transcriptional regulation of the stabilty of GAP-43 mRNA is currently
under investigation.

Although the 3'UTR of the synapsin I mRNAs contain no such obvious AU-rich
regions or GAP-43-like consensus stem-loop sequence elements, the transcripts do contain
a highly conserved sequence repeat. The 3'UTRs of both the bovine and human synapsin I
messages contain a 100-nucleotide repeat that is 65% identical and starts immediately after
the termination codon (nucleotides 4520-4617 and 4635-4748) (Sudhof, 1990). This
conservation of the nucleotide sequences in the 3'UTR seems unusual (see "Discussion” in
Hobbs et al., 1985), and suggests a possible regulatory role of these sequences. We
speculate that this region of the synapsin I mRNA may confer mRNA stability regulation in
a fashion similar to that identified for GAP-43. Further study investigating the putative role

of these conserved repeats in the post-transcriptional regulation of synapsin I gene

expression includes experiments similar to those outlined above.
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Functional Correlates of Synapsin I Gene Expression
Normal adult rat hippocampus

In the adult rat hippocampus, the markedly dissimilar patterns of expresssion of
synapsin I mRNA and protein in the neurons of the dentate gyrus and- entorhinal cortex
suggest that synapsin I mRNA levels cannot refect simply the amount of synapsin I protein
present in the terminal arborizations of central neurons. We propose that the different
levels of expression of synapsin I mRNA and protein in these synaptic circuits may reflect
differences in the functional properties and/or requirements of neurons which form these
central synapses. As detailed previously, studies on the restoration of synaptic connections
in response to selective nervous system lesions have demonstrated that the hippocampal
formation possesses a robust potential for synaptic regrowth (see review by Cotman and
Nieto-Sampedro, 1984). In this system, synapse replacement in the molecular layer of the
dentate gyrus is acheived by the selective sprouting of surviving afferent systems. Thus,
locally high levels of synapsin I mRNA in hippocampal CA4 and layer II entorhinal
neurons may reflect the abiltity of the system to be plastic and respond to injury and/or
select enviromental stimuli by producing long-tem synaptic circuitry changes. Other
neurons, such as granule cell neurons of the dentate gyrus, might still require locally high
levels of synapsin I mRNA to maintain correspondingly high levels of synapsin I protein in
their presynaptic terminal fields. In dentate granule cell neurons, high levels of synapsin I
gene expression (MRNA and protein) may reflect the ability of these neurons to respond to
stimuli by producing a long-lasting enhancement in the synaptic efficacy of transmission.
This example of plasticity, known as long-term potentiation (LTP), is a well-characterized
property of dentate granule neurons, and reflects an ability of these cells to elicit an
increased amplitude of synaptic potentials following afferent stimulation (Baskys et al.,
1991). It has been proposed that this particular property of dentate granule neurons in the
hippocampal formation is a strong candidate for a cellular mechanism underlying learning

and memory. Studies invoking LTP in dentate granule neurons by microiontophoretic
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application of NMDA (a gluatamate analog, Kauer et al., 1988), or stimulation of the lateral
amygdala (Henke, 1990; Racine et al., 1983) or perforant pathway (Baskys et al., 1991)
could be used to elucidate the possible involvement of synapsin I expression in

hippocampal LTP.

Developmental and Lesion Studies

A review of the neurogenic and synaptogenic development of the dentate granule
cell neurons and their presynaptic terminal fields suggests that these cells establish synaptic
contact in the hilar region early in postnatal development (by PO-P3), and that the majority
of the mossy fiber synapses become mature, at least morphologically, between postnatal
days 10-15 (Zimmer and Haug, 1978; Amaral and Dent, 1981; Gaarskjaer, 1981, 1985).
However, it is after this stage of mossy fiber synaptogenesis that mature patterns of
synaptic profiles are first observed, indicating the beginning of the functional maturation of
these central synapses (Bliss et al., 1974). While it is clear that by this stage of
development the mossy fibers are, for the most part, fully mature, a more subtle and
protracted structural and functional development of the mossy fiber system persists long
into the adult life of the animal (Gaarskjaer, 1985; Bliss et al., 1974). i

Our analyses indicate that detectable levels of synapsin I protein become localized
and concentrated in mossy fiber synapses, beginning around postnatal day 21. The adult
level of protein, however, is not present until later in development of these synapses,
around postnatal day 31. Since detectable levels of synapsin I protein begin to appear in
mossy fiber terminals after postnatal day 15, we conclude that synapsin I protein is only
fully accumulated in presynaptic mossy fiber terminals during the functional maturation of
their synapges. Indeed, in addition to its putative role in regulating neurotransmitter release
from mature nerve terminals, recent evidence suggests that synapsin may promote the
formation and functional maturation of new synapses. Morphological studies by Han et

al., (1991) have shown that overexpression of synapsin IIb in cultured neuroblastoma-
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glioma hybrid cells resulted in marked increases in the number of neuritic varicosities and

the numbers of small clear synaptic vesicles and large dense core vesicles per varicosity. In

addition, those transfected cells gained the ability to form synapse-like cell-to-cell contact

with one another. Moreover, those cells showed a specific increase ih the expression of

endogenous synaptic vesicle-associated proteins, including synapsin I, synapsin II and

synaptophysin. Most recently, physiological studies by Lu et al., (1992) have shown that

exogenously added synapsin I may pléy a causal role in synaptogenesis by promoting the

acceleration of the establishment of quantal-secretion mechanisms. In these studies,

performed in Xenopus spinal neurons, injected synapsin I was shown to enhance both

spontaneous and evoked transmitter release as measured by both sponteneous (SSC) and

evoked (ESC) synaptic currents. Previous studies had shown that evoked synaptic

responses at immature synapses have relatively low and variable amplitude and exhibit

frequent failures (Evers et al., 1989). However, in synapsin I-loaded spinal neurons a

significant increase in the ESC amplitude as well as a reduced variability was observed,

indicating that more mature and reliable synapses were established. Thus, the exogenous

synapsin I appeared to promote the functional maturation of these synapses (Lu et al., U
1992). In the same studies, using cell manipulation techniques, enhanced neurotransmitter w
release from synapsin I-loaded neurons was shown to occur at the onset of synaptogenesis,

suggesting a presynaptic developmental action of synapsin I prior to synaptic contact.

A detailed comparision of the time course and pattern of hippocampal synapsin I
immunostaining and sprouting-related physiological and behavioral changes reveal striking
parallels. An analysis of the pattern and intensity of synapsin I immunoreactivity during
the reinnervation of the molecular layer of the dentate gyrus following perforant pathway
transection suggests that the reappearance of synapsin I protein in the neuropil correlates,
temporally and topographically, with the recovery of synaptic function. From a functional
standpoint, physiological and behavioral studies (Steward et al., 1973; Loeshe and

Steward, 1977; Steward, 1981; Reeves and Steward, 1988) have demonstrated that



neuronal sprouting in the molecular layer of the dentate gyrus is important for the recovery

of unit activity of neurons in the dentate granule cell layer and of learned alternation
behavior after unilateral entorhinal cortex lesions, and most significantly, that these
activities recover to levels comparable to prelesion control between 8-14 days post-lesion.
Synapsin I protein in the neuropil increases during the reinnervation of the molecular layer,
beginning first in the outer molecular layer around 7 days post-lesion and increasing to
control levels in this region by 14 days post-lesion. This increase in synapsin I in the outer
molecular layer correlates with the proliferation of the crossed temporodentate pathway
(CTD), a functionally homologous pathway originating in the contralateral entorhinal cortex
known to participate in the physiological and behavioral recovery of function following
unilateral entorhinal cortex lesions (Steward et al., 1973; Steward, 1976; Loeshe and
Steward, 1987). Further, this post-lesion time course of increase in synapsin I protein in
the OML correlates precisely with the time course of post-lesion increases in CTD evoked
potentials (Reeves and Smith, 1987) and the recovery of T-maze alternation performance
(Loeshe and Steward, 1977), reaching prelesion values by 14 days post-lesion. By 31
days post-lesion, well before the process of reinnervation establishes pre-lesion synaptic
density, but after the restoration of physiological and behavioral function, the molecular
layer revealed a moderate, near homogenous pattern of synapsin I immunoreactivity,
similar to that seen in sham-operated and naive control tissue. In accord with the
developmental studies, these data indicate that during the establishment/restoration of
functional synaptic contacts in the lesioned hippocampus, the appearance of synapsin I
protein in the neuropil does not reflect simply synaptogenesis, but coincides temporally and
topographically, with the period of the functional maturation of newly created synapses in

the central nervous system.
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SUMMARY

The data presented in this thesis demonstrate clearly that the temporal onset of
expression of the synapsin I gene coincides with neuronal differentiation in the rat central
nervous system. Further, studies of the postnatal development of the cerebellum and
hippocampus reveal that expression of synapsin I mRNA is further modulated by particular
cellular events during development, e.g., synaptogenesis. These studies provide a
temporal and spatial map of the expression of the synapsin I gene throughout the
developmental life of the rodent nervous system. This map reveals the widespread yet

regionally variable levels of expression of the synapsin I gene accross the entire neuraxes.

In particular regions, the level of synapsin I gene expression appears related to the density
of neuronal somata, whereas in other regions the levels of synapsin I hybridization appear
to reflect differences in synapsin I mRNA levels in individual neurons representative of a
specific region of the rat brain. In addition, we have extended these studies to determine
precisely, the relationship between the levels of expression of synapsin I mRNA and
protein during the development and restoration of functional synaptic contacts in the
defined synaptic circuitry of the rat hippocampus. These data revealed the differential
levels of expression of synapsin I mRNA in neuronal somata and synapsin I protein in their
presynaptic terminal fields, suggesting a further level of regulation of the‘ synapsin I gene,
by post-transcriptional and/or translational mechanisms. These studies further reveal that
the appearance of synapsin I protein in the hippocampal neuropil does not reflect simply
synaptogenesis, but coincides temporally and topographically, with the functional

maturation of synapses in the central nervous system.
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A rapid and nearly guantitative method for the direct
analysis of steady-state mRNA levels in microgram
quantities of frozen mammalian brain is described.
Briefly, tissue punches 0.5—1.0 mm in diameter were
. sampled from 250-um-thick cryostat sections of rat
brain (approximately 50-200 pg tissue). The samples
. were homogenized in 50 ul of a denaturing gel loading
. puffer and applied directly to a 2.2 M formaldehyde—
agarose gel for electrophoresis and subsequent RNA
blot analysis. The method is extremely rapid, results in
excellent recovery of intact RNA, and allows the direct
assay of mRNA levels in discrete subregions of the
mammalian brain. © 1992 Academic Press, Ine.

Hybridization analysis of steady-state mRNA levels
as a reflection of differential gene expression is a proce-
dure commonly used in molecular neurobiology. For
such analyses to be truly quantitative and reproducible,
RNA isolation and purification protocols typically must
yield intact RNA with high efficiency and good recov-
ery. Several difficulties arise in the application of
current methods which meet these criteria to the study
of gene expression in the discrete subregions of the
mammalian brain. First, these methods invariably re-
quire moderate amounts of tissue, which precludes their
use in the analysis of mRNA levels in tissue samples
where quantities are limited. Furthermore, due to the
elaborate nature of conventional RNA preparation pro-
tocols, the analysis of large numbers of RNA samples
can be tedious and often very time consuming. Recently,
several reports of rapid, small-scale preparations of nu-
clear, cytoplasmic, poly(A)*, and total cellular RNA
have been published (1-12). These reports detail RNA
extraction protocols from both isolated- and cultured-
cell suspensions and fresh tissues, using as little as 10°
cells or 3 mg tissue, respectively. However, consistently
0003-2697/92 $3.00
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poor yields indicate that many of these methods are un-
suitable for the rapid analysis of multiple RNA samples
from microgram amounts (approximately 50-200 pg) of
intact tissue.

An alternate method of measuring mRNA levels in
small amounts of tissue has recently been published by
Sive et al. (13). The authors describe the use of a urea
lysis buffer (7 M urea, 0.5% SDS,! 1X Mops) to solubilize
small amounts of freshly dissected Xenopus embryo
parts. To measure steady-state mRNA levels directly,
the solubilized tissue samples were added to a formalde-
hyde-agarose gel for electrophoresis and subsequent
RNA blot analysis. In our hands, however, complica-
tions with RNA degradation and incomplete denatur-
ation proved this buffer unsuitable for use with small
quantities of frozen mammalian brain tissue.

In this paper, we report a modified procedure for the
direct analysis of mRNA levels in microgram quantities
of frozen mammalian tissues, with particular emphasis
on RNAs from brain. The punch-and-load procedure is
extremely rapid, results in excellent recovery of RNA,
and allows the direct assay of mRNA levels in discrete
regions of cryostat cut tissue sections.

MATERIALS AND METHODS

Materials. All materials were molecular biology
grade or of the highest purity. All glassware was baked
at 180°C for >4 h to inactivate ribonucleases (14), and
aqueous solutions were treated with 0.1% DEPC and
autoclaved before use. The FUV-denaturing gel loading
buffer was a modified urea lysis buffer (13). The FUV-
puffer contained 2.2 M formaldehyde, 7 M utea, 20 mM
ribonucleoside-vanadyl complexes (VRC) 0.5% SDS,

1 Abbreviations used: SDS, sodium dodecyl sulfate; Mops, 3-(N-
morpholino)propanesulfonic acid; DEPC, diethyl pyrocarbonate;
VRC, vanadyl-ribonucleoside complex.
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and 1X Mops. A urea stock solution minus formalde-
hyde and VRC was made and stored at room tempera-
ture for no longer than 1 week. Formaldehyde (37%)
and VRC were added just prior to sample processing.

Three-month-old male Wistar rats were anesthesized
and killed by decapitation. Brains were removed, frozen
in dry-ice-supercooled (—30 to —40°C) isopentane (Al-
drich), and stored in plastic bags at —70°C. Just before
use, the brains were warmed to —10°C and cryostat sec-
tions were cut to 250 um in thickness. The sections were
thaw-mounted on glass slides and then stored at —70°C
for microdissection.

RNA analysis. Total RNA was extracted and puri-
fied from rat tissues by the method of Chirgwin et al.
(15) or analyzed by the punch-and-load procedure de-
scribed below.

Stainless-steel hypodermic tubing (Small Parts Inc.,
Miami, FL) was used to sample punches of tissue 0.5-
1.0 mm in diameter from 250-um-thick cryostat sections
of rat brain, kidney, and liver (approximately 50-200 ug
tissue (16)). The micropunches were immediately solubi-
lized by pestle homogenization using a Kontes reusable
CTFE/stainless-steel pestle attached to a Skiltwist
cordless screwdriver motor unit. Homogenization was
carried out in 50 p! FUV-buffer in Kontes 500-ul poly-
propylene microtubes and samples were placed on ice.
Samples were then centrifuged in an Eppendorf micro-
fuge for 15 s at room temperature, heated at 65°C for 20
min, and returned to ice. Ethidium bromide, to a final
concentration of 25 ng/ul, and bromphenol blue (4%)
loading dye were added to each tube, and the samples
were applied directly to a 2.2 M formaldehyde-agarose
(1.2%) g2l for electrophoresis (14). The gel was then
photogrzphed under ultraviolet illumination to visual-
ize the 28 S ribosomal RNA band as a qualitative mea-
sure of RNA integrity.

Hybridization. RNA was blotted onto Zetabind ny-
lon membrane (American Bioanalytical) by capillary
action using 10X SSC (1x SSC is 0.16 M NaCl, 0.015 M
Na,C.H,- 2H,0, pH 7.0) as the transfer buffer. Mem-
branes were uv cross-linked for 1 min (17) and baked at
80°C for 1 h. For prehybridization, membranes were in-
cubated for 4-6 h at 50°C in hybridization buffer (50%
formamide, 0.5 M Na,HPO,, pH 7.5, 7% SDS, and 250
ug/ml heat-denatured Escherichia coli DNA). Mem-
branes were then hybridized to [*P]dCTP random-
primed labeled (Boehringer-Mannheim) synapsin 1
(18), a-tubulin (19), and/or 18 S ribosomal RNA (20)
cDNA probes at 3-10 X 10° cpm/ml. Hybridizations
were carried out in hybridization buffer at 50°C over-
night (>16 h). Membranes were then washed at room
temperature for 20 min in two changes of 2X SSC, 0.1%
SDS, 0.1% Na,P,0;; followed by 1X SSC, 0.1% SDS,
0.1% Na,P,0;; and 0.3 SSC, 0.1% SDS, 0.1% Na,P,0,,
each preheated to 65°C. RNA blots were then exposed

to Kodak XAR-5 film for >4 days at —70°C with a Du-
Pont Cronex intensifying screen. '

Standardization. Prior to tissue sampling, an unla-
beled sense synapsin I synthetic RNA was added to the
FUV-buffer to serve as external standard (21). Briefly, a
1.7-kb synapsin I sense RNA transcript was synthesized
in vitro using a SP6/T7 Transcription Kit (Boehringer-
Mannheim). The RNA was purified by repeated ethanol
precipitation, and a known amount was added to punch
samples to control for differences in RNA recovery, deg-
radation, blotting, and hybridization.

RESULTS AND DISCUSSION

Figure 1A shows the ethidium bromide-stained 2.2 M
formaldehyde—agarose (1.2%) gel of duplicate punches
of rat brain frontal cortex. Punch samples of 0.5 mm in
diameter (approximately 50 ug tissue, lanes 3 and 4) and
1.0 mm in diameter (approximately 200 pg tissue, lanes
5 and 6) were processed by the punch-and-load proce-
dure and photographed under ultraviolet illumination.,
The 28 S ribosomal RNA band of the FUV-denatured
punches comigrates with those of purified rat brain
(lane 1) and liver (lane 2) RNA. This similarity in mi-
gration and band pattern signifies complete denatur-
ation of intact RNA present in the lysed punches and
demonstrates the suitability of this RNA for hybridiza-
tion analysis. Subsequent densitometric and/or hybrid-
ization analysis of the 28 S ribosomal RNA offer alter-
native means of quantitating relative amounts of RNA
present per FUV-denatured punch. The ethidium bro-
mide fluorescence at the bottom of each sample most
likely represents a mixture of transfer RNAs, solubi-
lized proteins, and cellular debris, present since whole
tissue homogenates are being applied directly to the
formaldehyde—-agarose gel.

Total RNA isolated by the method of Chirgwin et al.
(15) and that isolated by the punch-and-load procedure
have been used for the detection and quantitation of
mRNAs of the neuron-specific rat synapsin I gene and
18 S ribosomal RNA. Figure 1B shows an autoradio-
gram of the formaldehyde-agarose gel depicted in Fig.
1A after hybridization to a *?P-labeled rat synapsin I
cDNA probe. Synapsin I mRNAs of both 3.4 and 4.5 kb
(22) were identified with little or no smearing in each of
the four punch-and-load samples (lanes 3-6). The sharp
banding pattern seen in Fig. 1B indicates that the syn-
apsin | mRNAs are intact and suggests efficient inacti-
vation of cellular RNases during the homogenization
step of the punch-and-load procedure. Liver RNA (lane
2), added as a negative control, shows no hybridization
signal with synapsin I cDNA as probe. Figure 1C illus-
trates the same RNA blot rehybridized to a **P-labeled
18 S ribosomal RNA ¢DNA probe. Hybridization in the
punch-and-load samples is detected as a single discrete
band migrating at approximately 1.8 kb in length. No

o un 0 oMo

~— o o o wn e oo =

=m0 0

o




mRNA MEASUREMENT IN BRAIN BY BLOT ANALYSIS 97

Ay23456

285> 4.5 -

34>

18s™

B 123456

C1 234586

FIG. 1. Electrophoretic and RNA blot analysis of FUV-denatured punch samples from rat brain frontal cortex. Purified total rat brain RNA
(1.0 g, lane 1), rat liver RNA (4.0 pg, lane 2), and duplicate sample punches of rat frontal cortex, 0.5 mm in diameter (approximately 50 ug
tissue, lanes 3 and 4) or 1.0 mm in diameter (approximately 200 ug tissue, lanes 5 and 6) X250 um in thickness, were solubilized in FUV-buffer
and electrophoresed on a 2.2 M formaldehyde-agarose (1.2%) gel as described in the text. The gel (A) was photographed under ultraviolet
illumination to visualize 28 S ribosomal RNA as a measure of RNA integrity, and then the RNA was transferred to the Zetabind nylon
membrane and atlixed by ultraviolet irradiation for ! min and baking at 80°C for 1 h. The filter was hybridized to a rat synapsin I cDNA probe,
washed as described, and exposed to Kodak XAR-5 film with a DuPont Cronex intensifying screen at —70°C. The filters were then stripped of
synapsin I probe in two washes of 20 min each in boiling 0.1x SSC, 0.5% SDS, followed by a 0.1X SSC rinse, and rehybridized to a 18 S
ribosomal RNA cDNA probe; both probes were labeled with [**P]dCTP. The autoradiogram (B) shows both 3.4- and 4.5-kb rat synapsin 1
mRNA species in rat total RNA (lane 1) and in rapid punch-and-load processed rat brain frontal cortex samples (lanes 3-6) when hybridized
with rat synapsin I cDNA as probe, and (C) a 1.8-kb 18 S ribosomal RNA when rehybridized with 18 S ribosomal RNA cDNA as probe.

hybridization signals were detected in the wells of the
RNA blots with either the synapsin I or the 18 S ribo-
somal RNA cDNA probes. The above results demon-
strate the capacity of the FUV-denaturing gel loading
buffer to thoroughly and reproducibly solubilize and de-
nature different RNA species within the same sample.

The punch-and-load procedure has been used in our
laboratory to quantitate synapsin I mRNAs from dis-
crete regions of rat brain. Figure 2 presents RNA blot
analysis of duplicate 1.0-mm FUV-denatured punches
from various regions of rat brain (lanes 2-7). Hybridiza-
tion of synapsin I cDNA probes identified intact synap-
sin [ mRNAs of 3.4 and 4.5 kb, respectively, and a 1.7-kb
synapsin I external cRNA standard (20 pg) added to
control for mRNA recovery. Consistent with the RNA
blot results described earlier, sufficient RNA was pres-
ent in one punch of 50-200 ug from eac " of the dissected
brain areas to quantitate reproducil; . -iie steady-state
levels of synapsin I mRNA. Subsequen rehybridization
of the blot to alternative probes of interest offers a
quantitative measure of differential gene expression in
focal, discrete subregions of the mammalian brain, a
level of analysis previously hindered by a lack of rapid
and reproducible RNA microisolation techniques.

The general applicability of the punch-and-load pro-
cedure for the analysis of mRNAs in tissues other than

rat brain has also been tested. Figure 3A shows the ethi-
dium bromide-stained gel of FUV-denatured punches of
rat liver (lanes 2 and 3) and kidney (lanes 4 and 5) com-
pared with purified rat liver RNA (lane 1). Both the 28 S
ribosomal RNA band and the 18 S ribosomal RNA band
are visible in the liver punch samples. Such clear band-
ing patterns in liver suggests an increased solubilization
efficiency of the FUV-buffer in this tissue. Since densito-
metric and hybridization analyses can be performed on
both ribosomal RNA species, RNA quantitation and
standardization per punch are even more reliable in this
case. Figure 3B presents RNA blot analysis of the gel in
Fig. 3A using a *2P-labeled 18 S ribosomal RNA cDNA
as probe. The results obtained are similar to those
shown in Fig. 1C, where a sharp, distinct band of 1.8 kb
in length representing intact 18 S ribosomal RNA was
easily identified.

Significant problems surfaced in the analysis of
mRNA levels from pancreatic and striated muscle tis-
sue. In the pancreas, high levels of RNase activity over-
whelmed the FUV-buffer, resulting in degraded mRNA,
as evidenced by a smeared or often nonexistent hybrid-
ization signal obtained when punch samples were
probed with an a-tubulin cDNA probe (data not shown).
Striated muscle tissue presented considerable problems
in the homogenization step of the technique, as indi-
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FIG.2. RNA blot autoradiogram of RNA from punch-and-load pro-
cessed samples from various regions of rat brain. Purified total rat
brain RNA (3.3 ug, lane 1) and duplicate 1.0 mm X 250 um sample
punches (lanes 2-7) were processed, electrophoresed, and blotted as
described in the text. The filter was hybridized to a rat synapsin I
¢DNA probe labeled with [*?P]dCTP. The filter was exposed to Ko-
dak XAR-5 film with a DuPont Cronex intensifying screen for >4
days at —70°C. In all samples, intact synapsin | mRNAs of 3.4 and 4.5
kb were identified on the autoradiogram, along with a 1.7-kb synapsin
I external cRNA standard (20 pg) added prior to sample homogeniza-
tion to control for mRNA recovery. The rat brain regions sampled
were frontal cortex (lanes 2 and 3), dentate gyrus (lanes 4 and 5), and
the lateral and medial amygdaloid nuclei (lanes 6 and 7).

cated by a persistence of cellular precipitates after ho-
mogenization. Subsequent electrophoretic analysis
showed incomplete denaturation of mRNAs on both the
ethidium bromide-stained formaldehyde-agarose gel
and the a-tubulin probed RNA blot (data not shown).

Variation in hybridization signal seen in lanes 3 and 4
of Fig. 1C and lanes 4 and 5 of Fig. 3B suggest different
levels of 18 S ribosomal RNA in duplicate 1-mm
punches. In general, we have found this variation to be
due to inconsistent tissue sampling, where differences
in cell number between duplicate punches translate into
differences in RNA levels. To control for reproducible
sampling of a cell cluster, punch positions that are simi-
lar in cell density and number, with defined boundaries
and landmarks, should be chosen. Additionally, a punch
whose internal diameter falls within the borders of the
cell cluster should be chosen rather than one that sam-
ples the entire field.

We cannot rule out variation in hybridization signals
which may be due to:problems at the level of RNA blot-
ting. Our results demonstrate that the punch-and-load
method is reproducibly useful for the detection and
quantification of relatively large mRNAs. However,
smaller mRNAs which migrate near or within the smear
of cellular debris present at the bottom of each formalde-

hyde-agarose gel may not transfer efficiently. Further,
hybridization to these RNAs may be hindered by the
presence of this same material on the RNA blot. Accord-
ingly, to minimize problems inherent in RNA blot analy-
sis and to control for differences in hybridization effi-
ciencies, accurate normalization of RNA levels should
be carried out with control probes which recognize RNA
species of a size similar to that of the mRNA of interest,

Our objective was to develop a simple and reliable
procedure for the direct analysis of mRNA levels in mi-
crogram quantities of frozen mammalian brain. The
principal advantages of the punch-and-load procedure

1.8>

FIG. 3. Electrophoresis and RNA blot analysis of punch samples
from tissues other than rat brain. Purified rat liver RNA (4.0 ug, lane
1) and duplicate 1.0 mm X 250 um sample punches of rat liver (lanes 2
and 3) and kidney (lanes 4 and 5) were solubilized in FUV-buffer and
electrophoresed as described in the text. The gel (A) was photo-
graphed under ultraviolet illumination as a measure of RNA quality.
Note the integrity of both the 28 S ribosomal band and the 18 S
ribosomal band present in the liver punch samples. The RNA was
transferred to Zetabind nylon membrane and hybridized to a {**P]-
dCTP-labeled 18 S ribosomal RNA ¢cDNA probe. Hybridization is
detected as a single, discrete band of 1.8 kb in length with no apparent
smearing on the autoradiogram.
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over conventional methods are several. First, the proce-
dure is extremely rapid. This minimizes time con-
straints inherent in conventional RNA preparation
methods and becomes especially useful for the simulta-
neous processing of multiple samples. Second, it utilizes
very small quantities of tissue, approximately 50-200 ug
vs >3 mg for rapid procedures, and >1-2 g for most
conventional RNA isolation and purification protocols.
This is of particular significance to the molecular neuro-
biologist, since it affords the researcher the opportunity
to compare specific nRNA levels in discrete brain areas
or nuclei where tissue quantities are severely limited.
Third, the procedure is quantitative and reproducible,
as mRNA levels from duplicate samples can be easily
normalized by hybridization to a known amount of
added synthetic cRNA external standard and/or rela-
tive amounts of 18and 28 S ribosomal RNA. Fourth, the
procedure is sensitive and results in excellent recovery
of intact RNA. In our hands, the punch-and-load tech-
nique can reproducibly detect on the order of 15-50 mol-
ecules of synapsin [ mRNA per neuron. The degrada-
tion and loss of RNA are minimized by the limited
processing of samples in this procedure. The lack of hy-
bridization anywhere on the RNA blots other than to
specifically targeted mRNAs suggests complete recov-
ery of both exogenous and endogenous RNAs. Finally,
because the rapid punch-and-load procedure is very sim-
ple, it circumvents the tedious and often difficult nature
of conventional RNA preparation protocols. Electropho-
resis of multiple samples can be underway within 30 min
of tissue sectioning.

ACKNOWLEDGMENTS

We thank Drs. Paul R. Dobner and Robert H. Singer for providing
the 18 S ribosomal and a-tubulin ¢cDNA clones, respectively. We are
grateful to Drs. Lisa M. Hemmendinger, Rodrigo Franco, Cordula U.
Kirchgessner, and Erika L. F. Holzbaur for their critical reading of
the manuscript. This work was supported by NIH Grants NS 25050
and NS 27833.

mRNA MEASUREMENT IN BRAIN BY BLOT ANALYSIS

99

REFERENCES

1. Chen, C. L., Dionne, F. T, and Roberts, J. T. (1983) Proc. Natl.
Acad. Sci. USA 80, 2211-2215.

92, Dziadek, M. A, and Andrews, G. K. (1983) EMBO J. 2, 549-554.

3. llaria, R., Wines, D., Pardue, S., Jamison, S., Ojeda, S. R., Snider,
J., and Morrison, M. R. (1985) J. Neurosci. Methods 15, 165-174.

4. Chomeczynski, P., and Sacchi, N. (1987) Anal. Biochem. 162, 156-
159.

5. Badley, J. E., Bishop, G. A, St. John, T., and Frelinger, J. A.
(1988) Biotechniques 6(2), 114-116.

6. Birnboim, H. C. (1988) Nucleic Acids Res. 16(4), 1487-1497.

7. Emmet, M., and Petrack, B. (1988) Anal. Biochem. 174, 658-661.

8. Gough, N. M. (1988) Anal. Biochem. 173, 93-95.

9. Meirer, R. (1988) Nucleic Acids Res. 16(5), 2340.

10. Wilkinson, M. (1988) Nucleic Acids Res. 16(22), 10,933.

11. Wilkinson, M. (1988) Nucleic Acids Res. 16(22), 10,934.

12. Rappolee, D. A., Wang, A., Mark, D., and Werb, Z. (1989) J. Cell.
Biochem. 39, 1-11.

13. Sive, H. L., Hattori, K., and Weintraub, H. (1989) Cell 58, 171~
180.

14. Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

15. Chirgwin, J. M., Przybla, A. E., MacDonald, R. J., and Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

16. Palkovits, M., and Brownstein, M. J. (1988) Maps and Guide to
Microdissection of Rat Brain, Elsevier, New York.

17. Pauli, U., Wright, K., van‘Wijnen, A., Stein, G., and Stein, J.
(1991) in Methods in Nucleic Acids Research (Karam, J. D,
Chao, L., and Warr, G. W, Eds.), pp. 227-250, CRC Press, Boca
Raton, FL.

18. Kilimann, M. W., and DeGennaro, L. J.(1985).EMBOJ. 4,1997-
2002.

19. Cleveland, D. W., and Sullivan, K. F. (1985) Annu. Rev. Biochem.
54, 331-365.

20. Katz, R. A., Erlanger, B. F., and Guntaka, R. V. (1983) Biochem.
Biophys. Acta 739, 258-264.

21. Heumann, R., and Thoenen, H. (1986) J. Biol. Chem. 261, 9246~
9249.

29. Haas, C. A., and DeGennaro, L. J. (1988) J. Cell Biol. 106, 195-
203.




THE JOURNAL OF COMPARATIVE NEUROLOGY 327:507-520 (1993)

Synapsin I Gene Expression in the Adult
Rat Brain With Comparative Analysis of
mRNA and Protein in the Hippocampus
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ABSTRACT

Svnapsin I is the best characterized member of a family of neuron-specific phosphoproteins
thought to be involved in the regulation of neurotransmitter release. In this report, we present
the first extensive in situ hybridization study detailing the regional and cellular distribution of
synapsin I mRNA in the adult rat brain. Both the regional distribution and relative levels of
synapsin | mRNA established by in situ hybridization were confirmed by RNA blot analysis.
Our data demonstrate the widespread yet regionally variable expression of synapsin I mRNA
throughout the adult rat brain. The greatest abundance of synapsin I mRNA was found in the
pyramidal neurons of the CA3 and CA4 fields of the hippocampus, and in the mitral and
internal granular cell layers of the olfactory bulb. Other areas abundant in synapsin I mRNA
were the layer II neurons of the piriform cortex and layer II and V neurons of the entorhinal
cortex, the granule cell neurons of the dentate gyrus, the pyramidal neurons of hippocampal
fields CA1 and CA2, and the cells of the parasubiculum. In general, the pattern of expression of
synapsin I mRNA paralleled those encoding other synaptic terminal-specific proteins, such as
synaptophysin, VAMP-2, and SNAP-25, with noteworthy exceptions. To determine specifically
how synapsin I mRNA levels are related to levels of synapsin I protein, we examined in detail
the local distribution patterns of both synapsin I mRNA and protein in the rat hippocampus.
These data revealed differential levels of expression of synapsin I mRNA and protein within

defined synaptic circuits of the rat hippocampus.

1993 Wiley-Liss, Inc.
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dentate gyrus

The specific molecular mechanisms underlying the re-
lease of neurotransmitter from the presynaptic nerve termi-
nal remain unknown. To date a large number of neuron-
specific proteins have been identified whi: " . -rform various
functions within the presynaptic term:: .. Among these
proteins are the synapsins. The synapsins are a distinct
family of homologous neuronal phosphoproteins thought to
play an integral role in the process of neural transmission.
Synapsin 1, the best characterized of the synapsins, is the
collective name for two nearly identical neuron-specific
proteins, synapsin la and synapsin Ib, which occur through-
out the central and peripheral nervous systems (Ueda and
Greengard, '77). Inmunohistochemical studies have shown
synapsin I to be concentrated in presynaptic terminals of
virtually all neurons, regardless of transmitter type, where
it is specifically associated with the cytoplasmic surface of
small synaptic vesicles (De Camilli et al., '83a,b; Huttner et
al., '83; Navone et al., '84; Schiebler et al., '86; Benfenati et

© 1993 WILEY-LISS, INC.

al., ’89). Synapsin I appears to possess specific domains
capable of associating with components of the cytoskeleton
(Bahler and Greengard, '87; Petrucci and Morrow, 87,
Bahler et al., ’89, '90) and others which are prominent
cellular targets of several endogenous protein kinases, such
as cAMP- and Ca2*/calmodulin dependent protein kinases
{Ueda et al., ’73; Huttner and Greengard, ’79; McGuinness
et al., '85; Nairn and Greengard, '87). The affinity of
synapsin I for synaptic vesicles has been shown to be
phosphorylation dependent and regulated by conditions
affecting neuronal activity (see review by Nestler and
Greengard, ’'84). The phosphorylation state of synapsin I'is
intimately coupled to the release of neurotransmitter from
presynaptic terminals, and it is generally thought that the
protein functions as a regulator of the release process
(Llinas et al., '85; De Camilli and Greengard, '86). Further,

Accepted September 25, 1992.



508

recent evidence establishing synapsin I as a diacylglycerol
kinase suggests a second role for synapsin I in the nerve
terminal, that of a potential regulator of protein kinase
C-mediated extracellular signals (Kahn and Besterman,
'91).

Synapsin I protein is widely distributed in nerve termi-
nals throughout the mammalian central nervous system
(De Camilli et al., ’83a,b; DeGennaro et al., ’89; Sudhof et
al.,, '89; Apostolides et al., submitted). The pattern of
distribution, however, is not uniform across the neuraxis,
and it has been postulated that this differential distribution
reflects differences in the functional properties of central
synapses (Sudhof et al., ’89; Apostolides et al., submitted).
At present no data are available which detail the spatial
distribution and comparative levels of expression of the
synapsin I gene in the central nervous system. Such a map
of the intensity of synapsin I gene expression would provide
insight into the specific properties and functional require-
ments of those neurons whose termini comprise central
synapses. In the present study, we have used in situ
hybridization histochemistry employing radioactively-
labeled synapsin I cDNA probes to examine the regional and
cellular distribution of synapsin I mRNA in the adult rat
central nervous system. Our data reveal widespread yet
regionally variable levels of synapsin I gene expression
throughout the adult rat brain. In addition, we focus on
discrete brain regions which express high levels of synapsin
I mRNA, and extend these studies by comparing relative
levels of synapsin  mRNA and protein in these areas. These
data reveal the differential expression of synapsin ] mRNA
and protein within defined synaptic circuits of the adult rat
hippocampus.

MATERIALS AND METHODS
Animals and tissue preparation

Adult male Sprague-Dawley rats (n = 6) from Charles
River Breeding Laboratories (Wilmington, MA), 90-120
days old and weighing 250-300 g, were used in this study.
The animals were sacrificed by carbon dioxide asphyxiation
and decapitation. Brains were removed, frozen in dry-ice-
supercooled 2-methylbutane (Aldrich), and stored in plastic
bags at —~70°C. For in situ hybridization, the brains were
warmed to —16°C, and 16 pm cryostat sections were cut in
coronal, parasagittal, and horizontal planes. The sections
were thaw-mounted on precooled slides coated with Vecta-
bond* reagent (Vector Laboratories, Burlingame, CA) and
stored at —20°C. For RNA blot analysis, rat brains were
frozen as above and warmed to —~9°C. Cryostat sections
were cut at 250 um, and the sections were used for brain
punch microdissection (Palkovitz and Brownstein, '88) and
punch-and-load RNA blot analysis (Melloni et al., ’92).

Synthesis of cDNA probes

Synapsin I ¢cDNA plasmid pSyn 5 (Kilimann and DeGen-
naro, '85) was cut with the restriction enzyme Eco RI
(Boehringer Mannheim) and the digestion products dis-
played on a 1% agarose gel (Maniatis et al., ’82). The 1,700
bp fragment, 5E2 (nucleotides 694-2,445 of the synapsin I
cDNA sequence) was excised from the gel and purified with
Gene-Clean (Bio 101, Inc., LaJolla, CA). For RNA blot
analysis the synapsin I ¢cDNA fragment was labeled with
(a-32P]dCTP by means of a random oligonucleotide priming
kit (Boehringer Mannheim). For in situ hybridization,
fragment 5E2 was purified and digested with the restriction
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enzyme Dde I (Boehringer Mannheim). The restriction
products were then purified by ethanol precipitation and
labeled in the presence of [a-3S)dCTP by random priming.
Unincorporated nucleotides were removed by chromatogra-
phy over a Sephadex G25 spin column (Boehringer Mann-
heim).

RNA blot analysis

Total RNA was extracted and purified from rat brain by
the method of Chirgwin et al. ('79) or analyzed by the
punch-and-load method (Melloni et al., '92). Briefly, brain
punches, 1 mm diameter x 250 pm thickness, were homog-
enized in 50 pl FUV-denaturing gel loading buffer (2.2 M
formaldehyde, 7 M urea, 20 mM vanadyl ribonucleoside
complex, 0.5% SDS, and 20 mM 3-(N-morpholino) propane-
sulfonic acid [MOPS]) and applied directly to a 2.2 M
formaldehyde-agarose (1.2%) gel for electrophoresis (Mani-
atis et al., '82). The gel was rinsed 20 minutes each in two
changes 10 x SSC (1 x SSC = 160 mM NaCl, 15 mM
sodium citrate, pH 7.0) and blotted onto Zetabind nylon
membrane (American Bioanalytical) as described by Tho-
mas ('80). The membrane was hybridized for > 16 hours at
50°C in 50% (v/v) formamide, 7% (w/v) SDS, 0.5 M
Na,HPO,, pH 7.5, 250 ug/ml heat-denatured Escherichia
coli DNA and 10 ng/ml rat synapsin I ¢cDNA fragment,
labeled as described above. Membranes were then washed
at room temperature for 20 minutes in two changes of 2
SSC, 0.1% SDS, 0.1% Na,P,0+; followed by 1 x SSC, 0.1%
SDS, 0.1% Na,P;0,, and 0.3 x SSC, 0.1% SDS, 0.1%
Na,P;0;, each preheated to 65°C. RNA blots were then
exposed to Kodak XAR-5 film for >4 days at —70°C with a
Dupont Cronex intensifying screen.

Standardization: Prior to tissue sampling, an unlabeled
synthetic synapsin I sense RNA was added to the FUV-
buffer to serve as external standard (Heumann and
Thoenen, '86). Briefly, a 1.7 kb synapsin [ sense RNA
transcript was synthesized in vitro with the aid of a SP6/T7
Transcription Kit (Boehringer Mannheim). The RNA was
purified by repeated ethanol precipitation, and a known
amount was added to punch samples to control for differ-
ences in RNA recovery, degradation, blotting, and hybridiza-
tion.

In situ hybridization

Slide-mounted brain sections were warmed to room
temperature, post-fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) for 5 minutes at 0°C, rinsed in
phosphate buffered saline (PBS), and treated with 0.25%
acetic anhydride (in 0.1 M triethanolamine, pH 8.0) for 10
minutes at room temperature. After rinsing in 2 x SSC and
dehydration through a graded series of alcohols, the sec-
tions were delipidated in chloroform for 5 minutes at room
temperature. The sections were subsequently rehydrated to
959% ethanol in descending concentrations of alcohols and
then air dried. Each section was prehybridized with 150 pl
of prehybridization buffer (50% formamide, 2 X Den-
hardt’s solution [1 X Denhardt’s solution is 0.02% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% BSA], 50 mM dithio-
threitol [DTT], 5 x SSC, and 0.1% SDS) at 50°C in a moist
chamber for 1 hour. For hybridization, probe (2 x 108 cpm)
was applied in 100 pl hybridization buffer (50% formamide,
10% dextran sulfate, 2 x Denhardt’s solution. 5 x SSC, 50
mM DTT, 0.1% SDS, 100 pM dNTPs, and 0.1% Na,P,0,),
and the slides were coverslipped and incubated as above for
>12 hours. Following hybridization, coverslips were re-
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moved in 2 x SSC, 0.1% Na,P,0; at room temperature.
Slides were washed for 30 minutes each in two changes of
2 x SSC, 0.1% Na,P,0; at room temperature; 2 x SSC,
0.1% Na,P,0; at 42°C; 0.5 x SSC, 0.1% Na,P,07 at room
temperature; 0.1 x SSC, 0.1% Na,P,0; at room tempera-
ture; and 0.1 x SSC, 0.1% Na,P,0; at 42°C. A final wash in
0.1 x SSC, 0.1% Na,P,0; for 15 minutes at room tempera-
ture was done, and the sections were dehydrated through a
graded series of alcohols in which water was replaced by 0.6
M ammonium acetate. The slides were then air dried and
exposed to Kodak XAR-5 film for 7-10 days at room
temperature. For emulsion autoradiography, selected slides
were coated with photographic emulsion (NTB2; Eastman
Kodak, Rochester, NY; diluted 1:1 with 0.6 M ammonium
acetate), exposed for 10-14 days at 4°C, developed in D19
(diluted 1:1 with water), and counterstained with 0.04%
cresyl violet in 0.1 M ammonium acetate, pH 3.5.

Antibodies

Synapsin I polyclonal antibodies used in these experi-
ments were contained in antisera prepared in rabbits
against purified rat synapsin 1 protein. These antibodies
have been extensively characterized (Kilimann and DeGen-
naro, '85), and previously used to localize synapsin I protein
in a number of immunohistochemical studies (Hamos et al.,
'88; Smith et al., '92; Apostolides et al,, submitted). At
dilutions of 1:500-1:2,000, the synapsin I antiserum reacts
specifically with synapsin I on Western blots of rat brain
protein (Kilimann and DeGennaro, '85; and Fig. 6), and on
rat and human brain sections processed for immunohisto-
chemistry (Hamos et al., '88; Smith et al., '92; Apostolides
et al., submitted).

Western blot analysis

Total protein was extracted from the neocortex of an
adult rat brain by a modification of the method of Klose and
Zeindl ('84). Briefly, brain punches, 1 mm diameter X 250
um thickness, were homogenized in 500 w1 of tissue extrac-
tion buffer |2% Nonidet P-40, 9.5 M urea. 1% -mercapto-
ethanol, and 200 mM K,CO; (pH 9.5)] and then centrifuged
in an Eppendorf microfuge for 10 minutes at room temper-
ature. The supernatant was collected and a Coomassie Plus
protein assay (Pierce, Rockford, IL) was performed to
determine protein concentration.

Western blots were performed according to the method of
Towbin et al. ('79). Briefly, 8% polyacrylamide gels were
run according to the method of Laemmli ('70). Gels were
blotted onto Immobilon-P (Millipore, Bedfnrd, MA) using
the semidry blotting technique of Kyhse. - ierson (°84),
washed with TBST (25 mM Tris |pH 8.01. -7 mM NaCl,
2.7 mM KCl, 0.05% Tween 20), and blocked with TBST
containing 5% nonfat dry milk (NFDM). Synapsin I poly-
clonal antibody was diluted 1:1,000 in TBST containing 1%
NFDM (antibody buffer) and incubated with the blot for 1
hour at room temperature. Blots were washed extensively
in TBST and incubated with secondary antibody (alkaline
phosphatase conjugated goat anti-rabbit IgG, Sigma) at a
dilution of 1:3,000 in antibody buffer for 1 hour at room
temperature. The blots were washed in three changes of
TBST for 5 minutes each, rinsed in TBS, and then devel-
oped with the Immune-Lite chemiluminescent detection
system (Bio-Rad, Richmond, CA) according to manufac-
tures instructions.

Immunohistochemistry

Synapsin I protein was localized in sections of rat brain
with a rabbit polyclonal antibody raised against purified rat
synapsin I protein (Kilimann and DeGennaro, '85). Ani-
mals were perfused transcardially with a saline flush,
followed by 0.01 M, periodate-0.075 M lysine-4% paraform-
aldehyde in 0.037 M phosphate buffer, pH 7.2 (“PLP
fixative,” McLean and Nakane, ’'74). Brains were postfixed
for 2 hours at room temperature and passed through
ascending concentrations of sucrose in 0.2 M phosphate
buffer, pH 7.2 (PB), at 4°C. Horizontal sections were cut
free-floating at 40 wm on a sliding microtome and placed in
0.1 M phosphate-buffered saline (pH 7.4) (PBS). Sections
were pretreated in 0.01% H.0, in methanol for 30 minutes,
rinsed thoroughly in PBS, 0.03% Triton X-100 (Sigma)
(PBST), and then incubated for 1 hour in blocking buffer
[20% nonimmune goat serum in PBS containing 0.3%
Triton X-100]. [Immunostaining was carried out overnight,
at 4°C, with the aid of a Vectastain ABC kit (Vector
Laboratories), with the primary antibody diluted 1:1,000 in
PBS, 0.3% Triton X-100, 3% nonimmune goat serum. On
the following day, sections were rinsed twice for 30 minutes
each in PBST, incubated for one hour in biotinylated goat
anti-rabbit immunoglobulins (secondary antibody) in PBST,
rinsed again twice for 15 minutes each in PBST, and
incubated for 1 hour in avidin-biotin-peroxidase complex.
The peroxidase label was revealed by using 3,3'-diaminoben-
zidine (DAB) (Sigma; 0.05% in 50 mM Tris, pH 7.4) as a
chromogen. The immunostained sections were mounted on
gelatin-coated slides, dehydrated in a graded series of
alcohols and xylene, and coverslipped with Permount.
Adjacent sections were stained with cresyl violet.

Experimental controls were performed on representative
sections and included either the omission of the primary
antibody, omission of the secondary antibody, or preabsorp-
tion of anti-synapsin I IgGs from total rabbit serum using a
100-fold excess of purified synapsin 1.

RESULTS

RNA blot analysis and in situ hybridization of
synapsin I mRNA

In rat brain, the gene encoding synapsin I directs the
synthesis of two classes of mRNA of 3.4 kb and 4.5 kb in
length, respectively (Haas and DeGennaro, '88). The 3.4 kb
mRNA is comprised of two alternatively spliced transcripts
encoding synapsin Ia and Ib polypeptides {Sudhof et al.,
'89). The complete sequence of the 4.5 kb mRNA has not
been determined. To establish that the cDNA probes used
in this study recognize only synapsin I mRNA and to
compare the relative levels of expression of synapsin I
mRNA in different areas of the adult rat central nervous
system, we performed RNA blot analysis on RNA prepared
from various subregions of rat brain. Figure 1A presents
RNA blot analysis of duplicate 1.0 mm tissue punches from
discrete regions of the adult rat brain. The synapsin I
5E2-fragment cDNA probe recognized exclusively synapsin
1 mRNAs of 3.4 kb and 4.5 kb, and a 1.7 kb synapsin I
external RNA standard. in purified rat brain RNA (RB) and
RNA from all brain areas sampled (Ctx-MS). The strength
of the hybridization signal obtained varied in different
brain regions, with the highest signal in the RNAs from the
dentate gyrus and the neocortex and the lowest in the RNA
from the caudate nucleus.
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The hybridization signals obtained by RNA blot analysis
(Fig. 1A) corresponded with the pattern and strength of
synapsin I mRNA hybridization localized in discrete regions
of rat brain by in situ hybridization (Fig. 1B,C). Strong
radioactive labeling of granule cell neurons in the dentate
gyrus (Fig. 1C) corresponded to the highest level of synap-
sin I mRNA detected by RNA blot analysis (Fig. 1A). Lower
hybridization signals were obtained, in decreasing order of
intensity, in the neocortex, central/lateral amygdala, me-
dial septum, and the caudate nucleus. In these areas, as
above, the strength of the hybridization signals revealed by
in situ hybridization corresponded to the intensity of
signals obtained by RNA blot analysis.

Emulsion autoradiography revealed that, throughout the
brain, hybridization was restricted to neuronal profiles and
was essentially absent in white matter fiber tracts, menin-
ges, blood vessels, and the neuropil (Fig. 2). For example, a
comparison of dark- and brightfield images of an emulsion
autoradiogram of the dentate gyrus revealed hybridization
over the somata of granule cell and hilar neurons in this
region (Fig. 2A,B). Labeling was distributed evenly over
neurons of the granule cell layer and appeared consistent
along the entire length of the dentate gyrus. Examination
of the cells of the hilus at high magnification showed
labeling to be present over individual neuronal somata in
this region (Fig. 2C).

To ensure that labeling of sections was specific to synap-
sin I mRNA, some sections were co-incubated with a
mixture of radioactively-labeled synapsin I ¢cDNA probe and
a 100-fold excess of unlabeled synapsin I cDNA probe. In all
control sections, no detectable hybridization signals were
obtained (data not shown).

Mapping of synapsin I mRNA throughout the
adult rat brain

To detail the distribution of synapsin I mRNA in the
adult rat brain, we conducted several ( > 7) in situ hybridiza-
tion studies in coronal (Fig. 1B,C}, horizontal (Fig. 3), and
parasagittal (Fig. 4) planes of section. In the present study
we have characterized the hybridization signals as light (+),
moderate (++), high (+++), and intense (++++), as
estimated by visual comparison of several autoradiographic
films of sections hybridized to radioactively-labeled synap-
sin I cDNA probes of comparable specific activities (Table
1). In each in situ hybridization run, this relative scale was
used to describe the intensity of the hybridization signals
from the different rat brain regions. This scale consistently
assigned the CA3 neurons of the rat hippocampus the
highest hybridization intensities and the caudate nucleus
the lowest. After visual inspection of autoradiographic
films, selected slides were processed for emulsion autoradi-
ography to examine more accurately synapsin I mRNA
distribution and cellular localization.

Telencephalon

Olfactory bulb. Intense labeling was observed in dis-
crete layers of thé olfactory bulb (Figs. 3, 4). Intense
labeling was seen over the cells of the mitral and internal
granular layers (Figs. 3G, 4E). Light-to-moderate labeling
was observed over cells of the glomerular layer (Figs. 3F,G).
Little or no labeling was detected over the external plexi-
form and olfactory nerve layers.

Cortex. Synapsin I mRNAs were concentrated in the
entorhinal, piriform, cingulate, and frontal cortices (Figs. 1,
3-5). High-to-intense synapsin I mRNA levels were de-

R.H. MELLONI ET AL,

tected in neocortical lamina II and the upper parts of
lamina V (Figs. 3B, 5A,B). The parasubiculum was in-
tensely labeled (Figs. 3B-E, 7B), as were the lamina II
neurons of the piriform cortex (Figs. 31, 4A, 5D) and
laminae II and V of the entorhinal cortex (Figs. 3C, 5C, 7B).
Moderate synapsin I hybridization signals were observed
primarily in laminae III, IV, and VI of the neocortex (Figs.
3B-E, 5A,B).

Basal forebrain and basal ganglia. In the basal fore-
brain, labeling of synapsin I mRNA was high in the
olfactory tubercle and moderate in the bed nucleus of the
stria terminalis, diagonal band of Broca, and medial septum
(Figs. 1B, 3F-H). Light hybridization was observed in the
lateral septum (Fig. 3C—G). In the basal ganglia the caudate-
putamen was among the lightest hybridizing areas of the
rat brain (Figs. 1B, 3C).

Amygdala. Both the anterior basolateral and the lateral
nucleus of the amygdala exhibited high levels of synapsin I
mRNA (Figs. 1C, 3G-I, 4A), while the medial division of the
central nucleus contained moderate amounts (Fig. 3F-I).
The least pronounced hybridization in the amygdala came
from the lateral division of the central nucleus (Fig. 3F-I).

Hippocampus. The large pyramidal neurons of hippo-
campal fields CA3 and CA4 consistently revealed the high-
est density of hybridization throughout the adult rat brain
(Figs. 3, 5G, 7B). Similarly, high-to-intense levels of synap-
sin I mRNA were detected in the “mossy cells” or hilar
neurons of the dentate gyrus (Fig. 2). Labeling of synapsin 1
mRNA was notably high over pyramidal cells in layers CAl
and CA2 and the granule cells of the entire dentate gyrus
(Figs. 1C, 3D, 4C, 5E,F, 7B). Dentate granule neurons
exhibited strong hybridization signals by both in situ
hybridization and RNA blot analysis (Figs. 1A,C, 24, 3D).

Diencephalon

Thalamus. High hybridization signals were present in
the anterodorsal and paraventricular thalamic nuclei (Figs.
3C,D, 4D). In contrast, light-to-moderate labeling was
generally observed in most remaining thalamic nuclei,
including both the ventrolateral and the dorsomedial divi-
sions of the anteroventral nucleus, and the parafasicular
nucleus (Fig. 3E). Particularly light labeling was observed
in the ventral posterolateral thalamic nucleus and the
dorsal lateral geniculate nucleus (Fig. 4B).

Habenula. The medial habenula contained moderate-to-
high levels of synapsin I mRNA (Fig. 3B), while the lateral
habenula contained lesser amounts.

Hypothalamus. In the hypothalamus, high levels of
synapsin I mRNA were observed in the ventromedial
nucleus (Fig. 4E). Specifically, hybridization was high in
the dorsomedial and ventrolateral divisions of the ventrome-
dial nucleus (data not shown). Similarly high levels were
seen in the ventral premammillary nucleus and in the
subthalamic nucleus (Figs. 3H, 4C,E). Lower levels of
synapsin I mRNA were present in most other hypothalamic
regions, including the arcuate nucleus, the paraventricular
nucleus, the lateral anterior nuclei, the lateral magnocellu-
lar nucleus, and the preoptic nucleus.

Midbrain

Moderate-to-high amounts of synapsin I mRNA were
present in the red nucleus and in the substantia nigra pars
compacta (Fig. 3G,H). Light-to-moderate levels of synapsin
I mRNA were observed in most other midbrain regions. For
example, the dorsal central gray (Fig. 4F) and the ventral
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Fig. 1. RNA blot analysis and in situ hybridization of synapsin I
mRNA in rat brain. A: RNA blot autoradiogram of synapsin I mRNA
levels in different brain regions. Purified total rat brain RNA (3 pg) and
RNAs prepared from various regions of brain were processed, separated
by electrophoresis, blotted, and hybridized as described in text. The
strength of the hybridization signal obtained varied in different brain
regions, with the highest signal in the RNAs from the dentate gyrus and
the neocortex and the lowest in the RNA from the caudate nucleus.

gt

B,C: X-ray autoradiograms of coronal sections of adult rat brain
hybridized with S-labeled svnapsin I cDNA probes. In these sections.
the strength of the hybridization signals revealed by in situ hybridiza-
tion corresponded to the intensity of signals obtained by RNA blot
analysis. Amy, central/lateral amygdala: CPu, caudate/putamen; Ctx,
neocortex; DG, dentate gyrus: MS, medial septum; Rb, total rat brain
RNA. Blots were exposed to Kodak XAR-5 film for 4 days. Sections were
exposed to Kodak XAR-5 film for 10 days. Scale bar: Band C, 1.5 mm.

)
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Fig. 2. Emulsion autoradiograms demonstrating specificity of syn-
apsin I cDNA probes for neurons in the central nervous system. A and
B: Darkficld and brightficld photomicrographs of an emulsion autora-
diogram of granule cell neurons of the dentate gyrus hybridized to
synapsin 1 ¢cDNA probes. Synapsin I hybridization is specific for
neuronal profiles of the granule cell layer and hilar region of the dentate
gyrus. C: High magnification brightfield photomicrograph of an emul-

tegmental area (Fig. 4D) were moderately labeled. Synapsin
I mRNAs were expressed uniformly across the inferior and
superior colliculi. Here, both the dorsal cortex of the
inferior colliculus and the superficial gray layer of the
superior colliculus were lightly labeled (Figs. 34, 4E).

Brainstem

In the brainstem, high levels of synapsin I mRNA were
present in the pontine nucleus (Fig. 4D), the reticulotegmen-
tal nucleus (Fig. 4F), the ventral tegmental nucleus (Fig.
4F), the pontine central gray (Fig. 4D), and the facial nerve
nucleus (Fig. 4C). Many brainstem nuclei, such as the
ventral cochlear nucleus and the nucleus of the trapezoid
body were moderately labeled.

Cerebellum

In the cerebellum, high-to-intense labeling was present
over the cerebellar granule cells (Figs. 3A-D, 4B-F). The
intense labeling of granule cells made it difficult to deter-
mine, on X-ray film and by emulsion autoradiography, how
much of the synapsin I hybridization signal was attribut-
able to Purkinje cells. Light-to-moderate labeling was ob-
served over the remainder of the cerebellar layers (Figs.
3A-D, 4B-F), while the deep cerebellar nuclei showed
moderate-to-high labeling over individual neurons scat-
tered throughout the region (data not shown).

sion autoradiogram of cells of the hilar region of the dentate gyrus.
Clusters of silver grains indicate hybridization to synapsin | probes is
specific for neuronal somata and not glial components of the CNS. by,
blood vessel; DG, dentate gyrus; gl, glial cell; Hilar, dentate hilar
neuron. Exposure time of the emulsion-coated sections was 2 weeks.
Scale bars: A and B, 300 pm; C, 120 pm.

Synapsin I mRNA and protein: comparative
analysis of expression

Previous studies employing endogenous phosphorylation
assays (Walaas et al., '83, '88), radioimmunological assays
(Goelz et al., ’81), and immunocytochemistry (Bloom et al.,
'79: De Camilli et al., '83ab; DeGennaro et al., ’89;
Apostilides et al., submitted) indicate that synapsin [
protein is present in high levels in the hippocampus. No
studies however, have been reported which correlate pro-
tein data with the cellular distribution and patterns of
expression of synapsin I mRNA in these areas. To examine
the distribution of synapsin I mRNA and compare the
relative levels of synapsin I mRNA and protein in rat
hippocampus, we performed in situ hybridization and immu-
nohistochemistry on horizontal sections of adult rat brain
(Fig. .

To ensure the specificity of the synapsin I polyclonal
antibody, we performed Western blot with protein from
adult rat neocortex (Fig. 6). At the dilutions used for
immunohistochemistry, 1:500-1:2,000, the synapsin I anti-
bodies recognized exclusively synapsin Ia and Ib polypep-
tides.

Immunohistochemistry using polyclonal antibodies to
synapsin 1 revealed extremely low levels of synapsin I
protein in the somata of all neurons, as evidenced by weak
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TABLE 1. Relative Abundance of Synapsin [ mRNA in Different Regions of

Rat Brain'
Area Abundance
Olfactory bulb
Mitral celi layer +4++
Internal granular cell layer +t++t
Glomerular cell layer +
Cortex
Layers II-I1I, neocortex -ttt
Layer V, neocortex PR
Piriform, layer I A+
Entorhinal, layer Il and V e+
Frontal/cingulate PRy
Pre-/para-subiculum PR O
Basal forebrain
Bed nucleus of stria terminalis ++
Diagonal band of Broca .+
Olfactory tubercle o+
Septum, medial 4
Septum, lateral +
Basal ganglia, caudate/putamen +
Amygdala
Basolateral, anterior +++
Central, lateral/medial divisions i+
Lateral 4+ 4+
Hippocampus
CAl o
CAl bt
CA4 -
Dentate gryrus P
Hilar neurons PR
Thalamus
Anterodorsal nucleus +++
Paraventricular nucleus +++
Anteroventral nucleus, ventrolateral ++
Anteroventral nucleus, dorsomedial ++
Parafasicular nucleus ++
Geniculate nucleus
Ventral lateral, magnocellular part ++
Medial +
Precommisural nucleus 44+
Hypothalamus
Ventromedial nucleus ++
Paraventricular nucleus ++
Lateral anterior nuclei ++
Lateral, magnocellualar nucleus ++
Preoptic nucleus ++
Arcuate nucleus 4+
Premammillary nucleus. ventral ++
Subthalamic nucleus +++
Habenula, medial PPN
Colliculi
[nferior +
Superior +
Red nucleus s
Central grey
Dorsal b+
Pontine e
Substantia nigra pars compacta o
‘Tepmental nucleus
Ventral ++
Anterior o+
Pontine nucleus PR
Reticulotegmental nucleus + 4+

Ventral cochlear nucleus, anterior part +4+
Cerebellum
Granule cell layer
Deep cerebellar nuclei

+++
-t 4+

tHybridization signals were characterized ax light «+). moderate (++), high (+ + +), and
intense ( + + + +, as estimated by visual comparison of sever . itoradiographic films of
sections hybridized to radioactively tabeled synapsin IeDNA s of comparable specific
activities.

synapsin I immunostaining in the pyramidal cell layers of
the hippocampus, the dentate gyrus, and the layer II cells of
the entorhinal cortex (Fig. 7C). In the dentate gyrus,
granule cells give rise to mossy fiber afferents which
terminate solely upon neurons of the hilar zone and the
proximal dendrites of the CA3-CA4 cells of the hippocam-
pus. Here, in situ hybridization and immunohistochemistry
revealed a direct correspondence between high levels of
synapsin I mRNA in granule cell somata and intense
synapsin I protein staining in their mossy fiber terminals
(Fig. 7B,C). In contrast, in situ hybridization revealed
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intense levels of synapsin I mRNA in the somata of layer 11
neurons of the entorhinal cortex, while only moderate
synapsin I protein staining was observed in the outer
molecular layer of the dentate gyrus, the terminal field of
these layer II neurons (Fig. 7B,C). These resuits suggest
differential levels of expression of synapsin I mRNA and
protein within neurons which compose a defined synaptic
circuit in the adult rat brain.

DISCUSSION

In this paper, we present the first extensive in situ
hybridization study describing the regional and cellular
distribution of synapsin I mRNA in the central nervous
system. We report the widespread but regionally variable
distribution of synapsin I mRNA throughout the adult rat
brain. Further, in the rat hippocampus we identify specific
neurons in which the level of synapsin I mRNA in neuronal
parikarya correlates directly with the level of synapsin I
protein in the synaptic termini of those cells, and other
neurons within the same synaptic circuit in which synapsin
I mRNA and protein levels do not correspond.

Distribution of synapsin I mRNA in aduit
rat brain

Synapsin I cDNA probes revealed specific patterns of
hybridization in different regions of the adult rat brain by
RNA blot analysis and in situ hybridization. By RNA blot
analysis, synapsin I cDNA probes recognized exclusively
synapsin I mRNAs of 3.4 kb and 4.5 kb. The intensity of
synapsin I mRNA hybridization varied in RNA prepared
from different regions of the rat brain, suggesting differen-
tial levels of expression of synapsin I mRNAs in these areas.
By in situ hybridization, similar patterns of hybridization
emerged, and the intensity of synapsin I mRNA labeling in
discrete subregions of the adult rat brain revealed by in situ
hybridization corresponded with the strength of the hybrid-
ization signals obtained by RNA blot analysis (Fig. 1).
Synapsin I mRNA labeling was clearly neuron-specific (Fig.
2), consistent with previous immunocytochemical and lim-
ited in situ hybridization data showing that synapsin I
protein (De Camilli et al., '83a,b; Huttner et al., '83) and
mRNA (Haas and DeGennaro, '88) are present only within
neurons in the central nervous system. The greatest abun-
dance of synapsin I mRNA was found in the pyramidal
neurons of the CA3 and CA4 fields of the hippocampus, and
in the mitral and internal granular cell layers of the
olfactory bulb. Other areas notably abundant in synapsin I
mRNA were the layer II neurons of the piriform cortex and
layer II and V neurons of the entorhinal cortex, the granule
cell neurons of the dentate gyrus, the pyramidal neurons of
hippocampal fields CAl and CA2, and the cells of the
parasubiculum.

Synapsin I in situ hybridization patterns
correlate with the distribution of mRNAs
encoding other neuron-specific synaptic
vesicle proteins

Immunohistochemical studies have shown that synapsin
1 and synaptophysin, a synaptic vesicle integral membrane
protein, display similar distributions in the rat central
nervous system (Sudhof et al., '89). Recently the distribu-
tion and cellular localization of synaptophysin mRNA in the
rat brain has been reported (Marqueze-Pouey et al., "91). By
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Fig. 4. In situ hybridization of synapsin I mRNA in parasagittal
sections of adult rat. brain. A-F: X-ray autoradiograms of sections
hybridized to #3S-labeled synapsin 1 ¢cDNA probes. V, lamina V of the
neocortex; 7, facial nucleus: AD, anterodorsal thalamic nucleus; AHi,
amygdalohippocampal area: CA3, CA3 ficld of the ':inpocampus; Cb,
cerebellum; CGD, central gray. dorsal part; CGPn, central gray of the
pons; DG, dentate gyrus: DLG. dorsal lateral geniculate nucleus; IC,
inferior colliculus: LA, lateroanterior hypothalamic nucleus; MCLH,
magnocellular nucleus of the lateral hypothalamus: MGD/V, medial

geniculate nucleus. dorsal and ventral parts; M3, medial septum; OB,
olfactory bulb; Pir. piriform cortex; PMV, premammillary nucleus.
ventral part: Pn. pontine nuclei; RtTg, reticulotegmental nucleus of the
pons: STh, subthalamic nucleus; VMH, ventromedial hypothalamus:
VPL, ventral posterolateral thalamic nucleus; VTA, ventral tegmental
arca; VTg, ventral tegmental nucleus; ZI, zona incerta. Sections were
apposed to Kodak XAR-5 film for 10 days. Scale bar: 4 mm (for all
panels).

Fig. 3. Distribution of svnapsin I mRNA in horizontal sections of
adult rat brain by in situ hybridization. A-I: X-ray autoradiograms of
sections hybridized to **S-labeled synapsin I cDNA probes. V, lamina V
of the neocortex; AD. anterodorsal thalamic nucleus; BSTM, bed
nucleus of the stria terminalis. medial; CA, CA fields of the hippocam-
pus; Cb, cerebeilum; CG. central gray; CPu, caudate/putamen: Ctx.
neocortex; DG, dentate gyrus: DTg, dorsal tegmental nucleus; EC,
entorhinal cortex; G, glomerular layer; GP, globus pallidus; IC, inferior
colliculus: IGr. internal granular layer; La. lateral amygdala: LS, lateral

septum: M. mitral cell laver: MHb, medial habenula: MS. medial
septum: Pa8, parasubiculum; PF, parafasicular thalamic nucleus; Pir,
piriform cortex; PVA. paraventricular thalamic nucleus, anterior part:
R. red nucleus: SC. superior colliculus; SNC, substantia nigra pars
compacta; STh, subthalamic nucleus; Tu. olfactory tubercle; VLG,
ventral lateral geniculate nucleus; VM, ventromedial thalamic nucteus.
Sections were exposed to Kodak XAR-5 film for 10 days. Scale bar: 4
mm (for all panels).




Fig. 5. High-magnification darkficld and brightfield photomicro-
graphs of emulsion autoradiograms of cells of the parictal neocortex (A
and B), entorhinal cortex (C), piriform cortex (D), dentate granule cell
neurons of the dentate gyrus (E), and the pyramidal cells of the
hippocampus (F and G) hybridized to 158 labeled synapsin I ¢DNA
probes. Hybridization intensities were greatest in layer V of the
parictal, layers II and V of the entorhinal, and layer 11 of the piriform

comparison, we observe a striking correlation between the
patterns of expression of synapsin [ and synaptophysin
mRNAs in specific regions of the adult rat brain. High levels
of both mRNAs are present in layers IV-V of the neocortex,
in the mitral cell laver of the olfactory bulb, in all fields of
the hippocampus proper and the dentate gyrus, the medial
habenula, the paraventricular nucleus of the thalamus, and
in the granule cells of the cerebellum. Additionally, light-to-
moderate levels of both mRNAs were localized in the
striatum, the basal forebrain, and in widespread areas of
the thalamus. No correlation however, was observed be-
tween the localization of synapsin 1 and synaptophysin
transcripts in the internal granule cell layer of the olfactory
bulb. Here, synapsin I mRNAs were present at high levels,
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cortex. The highest hybridization signals detected throughout the rat
brain were present in the CA3 neurons of the hippocampus. I-VI, layers
of the cerebral cortex; CAl, CAl field neurons of the hippocampus;
CA3. CA3 field neurons of the hippocampus; DG. dentate gyrus.
Emulsion-coated sections were exposed for 2 weeks. Scale bars: A and
B. 1 mm; C-G. 300 pm.

while little or no synaptophysin mRNAs were detected. In
this cell layer however, a good correlation was observed
between the localization of synapsin I and synaptoporin, a
novel synaptophysin variant (Marqueze-Pouey et al., '91).
Synapsin I mRNA distribution correlates well with the
pattern of expression of mRNAs encoding other synaptic
vesicle proteins. VAMP-2 is another abundant synaptic
vesicle protein whose mRNA expression pattern and distn-
bution has been reported in rat central nervous system
(Elferink et al., '89; Trimble et al., '90). Both the VAMP-2
and synapsin I genes express high levels of mRNAs in the
substantia nigra pars compacta, the anterodorsal thalamus.
the basolateral amygdala, the piriform cortex, and in all
fields of the hippocampus proper and the dentate gyrus.
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Fig. 6. Western blot demonstrating specificity of synapsin I poly-
clonal antibody. Purified rat total neocortical brain protein was pre-
pared. eclectrophoresed. and blotted as described in text. Synapsin [
polyclonal antibodies were bound and immunoreactive bands were
visualized. Antibodies recognized exclusively synapsin [a and Ib polypep-
tides, of 78 Kd and 74 Kd, respectively, and a small amount of synapsin
[ proteolysis products. :

Fig. 7. Expression of synapsin I MiRNA and protein in horizontal
sections of the adult rat hippocampus. A: Cresyl violet stained section of
rat hippocampal area to identify ncuronal perikarya. B: Darkfield
photomicrograph of an emulsion-coated section of the rat hippocampal
area hybridized to 35S-labeled synapsin I ¢cDNA probes. Hybridization
intensity is greatest over the pyramidal cells of CA3 and CA4. and the
laver 11 neurons of the medial entorhinal cortex. C: Immunocytochemi-
cal localization of synapsin I protein in the rat hippocampus. Sections
were immunostained with a polyclonal antibody raised against purified
synapsin I protein. Intense immunoreactivity was apparent in the
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Similarly, the hippocampal localization and distribution of
the mRNA for synaptosomal-associated protein, 25 kD,
(SNAP-25), parallels that of synapsin I mRNA (Geddes et
al,, '90). In the adult rat hippocampus. the greatest abun-
dance of SNAP-25 mRNA was in the large pyramidal
neurons of CA3, with a lower density of hybridization signal
in the CA1l pyramidal cells and in the granule cells of the
dentate gyrus.

Heterogeneous distribution of
synapsin I mRNA

Together the RNA blot and in situ hybridization data
provide biochemical and histochemical evidence of regional
variability in the level of synapsin I mRNA in the central
nervous system. At least two possibilities exist to explain
the heterogeneous distribution of synapsin I mRNA
throughout the adult rat brain. One possibility is that
strong hybridization signals reflect the number and density
of neuronal somata per field. The mitral and internal
granular cell layers of the olfactory bulb, the granule cell
layer of the dentate gyrus, and the CAl field of the
hippocampus are all examples of densely packed layers of
cells which exhibit high levels of synapsin I mRNA labeling.
Densely packed nuclei also display strong labeling of synap-
sin I mRNA. The anterodorsal and paraventricular tha-
lamic nuclei, the medial habenula, the subthalamic nu-
cleus, and the substantia nigra pars compacta all display

mossy fiber terminals, while moderate immunoreactivity was present
in the molecular layer of the dentate gyrus. Immunoreactivity was
weak in neuronal parikarya and in white matter fiber tracts. alv, alveus
of the hippocampus; CA1, CAl field neurons of the hippocampus: CA3,
CA3 field neurons of the hippocampus: CA4. CA4 field neurons of the
hippocampus; DG, dentate gyrus: EC. entorhinal cortex; mf, mossy
fiber terminals; ml, molecular layer of the dentate gyrus. Emulsion-
coated sections were exposed for 2 weeks. Scale bars: A, 55 pm; B, 65
wm; C, 70 pm.
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similarly high hybridization signals by in situ hybridiza-
tion. The cell types in each of these areas varies widely,
from small spherical granule cells to large pyramidal neu-
rons, densely packed in clusters forming a nucleus or tract
of cells. In these regions, strong synapsin I mRNA hybridiza-
tion signals are most probably related directly to cell
packing.

A second possibility is that strong hybridization signals in
discrete regions of rat brain reflect differences in the levels
of synapsin I mRNA expressed in those cells. In these
regions, hybridization intensity cannot be attributed solely
to the number and packing density of neuronal perikarya.
For example, Figure 5B shows high levels of synapsin 1
mRNA in the perikarya of neurons in layer V of the parietal
neocortex. Although this region is low in cell number and
packing density (Fig. 5A), these medium-sized neurons
express high amounts of synapsin I mRNA. as evidenced by
the sharp band of hybridization seen in Figures 3B-E,
4A-C, and 5B. Similarly, the small and medium-sized cells
in layer V of the medial entorhinal cortex express notably
high levels of synapsin I mRNA (Figs. 3C-E. 5C. 7B). Other
examples of areas which appear to express levels of synap-
sin I mRNA not apparently related to packing density, are
the pyramidal neurons of hippocampal field CA3. the layer
11 stellate cells of the entorhinal cortex. and the neurons of
the parasubiculum. The large pyramidal neurons of CA3
are significantly less densely packed than the pyramidal
neurons of the neighboring CAl field and the granule cells
of the dentate gyrus. The CA3 neurons, however, express
appreciably higher levels of synapsin I mRNA (Fig. 5E-G)
then cells in the other two regions. The layer II stellate
neurons of the entorhinal cortex form a continuous layer of
cells in the medial aspect of the parahippocampal gyrus.
Here, although somewhat less densely packed than neurons
of the dentate gyrus and CAl, the stellate cells display
consistently higher hybridization signals (Fig. 7A,B). In
tact. hybridization to synapsin I mRNA in these neurons
was nearly equal in intensity to that in neurons of the CA3
field of the hippocampus (Fig. 7B). The parasubiculum lies
adjacent to the medial entorhinal cortex and is character-
ized by a superficial layer of moderately packed medium-
sized cells. The presubiculum lies next to the parasubicu-
jum and is characterized typically by a lamina of densely
packed small cells. Although significantly more densely
packed, the presubiculum appears less labeled than its
neighbor, suggesting different levels of expression of synap-
sin | mRNA between the two cell populations (Figs. 3B, 7B).
The areas mentioned above contain neurons of various
cellular profiles which form less densely packed and occasion-
ally pale fields of neurons. These neurons however, exhibit
strong hybridization to synapsin I cDNA probes by in situ
hybridization. Thus, these data reflect differences in synap-
sin I mRNA levels in individual neurons representative of a
specific region of the rat brain.

Dissimilar expression patterns of synapsin I
mRNA and protein in the rat hippocampus

To address directly the possibility that high levels of
synapsin I mRNA in discrete subsets of neurons may reflect
the amount of synapsin I protein present in the presynaptic
terminal fields of those neurons, we compared the pattern
of expression of synapsin I mRNA and protein in the
defined synaptic circuitry of the rat hippocampus. The rat
hippocampus is a fold of cortex divided into four distinct
fields. CA1-CA4, respectively (Fig. 7A). Accompanying the
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hippocampus is the dentate gyrus, a layer of densely packed
granule cells whose dendritic arborizations ramify in a
dense synaptic plexus in the molecular layer of the dentate
gyrus. The major source of afferent inputs to the dentate
granule cells is the large stellate cells of layer II of the
medial entorhinal cortex (Desmond and Levy, ’82). These
afferents project ipsilaterally, via the perforant path, to the
outer two-thirds of the molecular layer of the dentate
gyrus. The dentate granule cells, then, extend mossy fiber
axons locally to the mossy cells scattered throughout the
hilus of the dentate gyrus and to the proximal dendritic
field of ipsilateral CA3~CA4 neurons of the hippocampus.
Synapsin I mRNA and protein are present in neurons of
the rat dentate gyrus and entorhinal cortex (Fig. 7).
Synapsin I transcripts are expressed at notably high levels
in granule cells of the dentate gyrus and at intense levels in
the layer II neurons of the entorhinal cortex (Fig. 7B).
Synapsin I protein, however, exhibits remarkably dissimi-
lar patterns of expression in the presynaptic terminal fields
of these two cell populations (Fig. 7C). Synapsin I protein is
present in intense amounts in the mossy fiber terminal
fields of dentate granule neurons. In contrast, the protein is
present in only moderate amounts in the outer two-thirds
of the molecular layer of the dentate gyrus, the terminal
field of layer II entorhinal neurons. One possible explana-
tion for the discrepancy between levels of synapsin I mRNA
and protein in the somata and termini of specific neurons of
the hippocampal region is that these levels may reflect
simply the synaptic density or amount of terminal arboriza-
tion of those cells. However, a review of synaptic density, as
measured by quantitative ultrastructural analyses, sug-
gests that the number of synapses per unit area is relatively
invariant across the hippocampal neuraxis (Amaral and
Dent, '81; Scheffet al., ’85, '91). Therefore, local differences
in synaptic density cannot adequately explain the variabil-
ity in synapsin I protein staining in the terminal fields of
neurons of the dentate gyrus and entorhinal cortex. Further-
more, the markedly dissimilar patterns of expression of
synapsin I mRNA and protein in the neurons of the dentate
gyrus and entorhinal cortex suggest that synapsin I mRNA
levels cannot reflect simply the amount of synapsin I
protein present in the terminal arborizations of central
neurons. Alternatively, we propose that the differential
levels of expression of synapsin I mRNA and protein in
these synaptic circuits reflect differences in the functional
properties and/or requirements of neurons which form
these central synapses. For example, studies on the restora-
tion of synaptic connections in response to selective ner-
vous system lesions have demonstrated that the hippocam-
pal formation possesses a robust potential for synaptic
regrowth (see review by Cotman and Nieto-Sampedro, '84).
In these studies, synapse replacement is achieved by the
selective sprouting of residual inputs: in the case of unilat-
eral entorhinal lesions, originating in hippocampal fields
CA3c-CA4, layer II of the contralateral entorhinal cortex,
and in the medial septum. Thus, locally high levels of
synapsin I mRNA in hippocampal and entorhinal somata
may reflect the ability of the system to be plastic and
respond to injury and/or select environmental stimuli by
producing long-term synaptic circuitry changes. Other neu-
rons, in which synaptic plasticity is not a major necessity
(i.e., dentate granule neurons), might still require locally
high levels of synapsin I mRNA to maintain correspond-
ingly high levels of synapsin I protein in their presynaptic
terminal fields. In these neurons. high levels of synapsin I

s




SYNAPSIN I mRNA DISTRIBUTION

gene expression (mRNA and protein) might be required to
maintain high rates of activity that characterizes the
circuits in which they participate.

In conclusion, we have shown that synapsin I mRNA
exhibits widespread yet regionally variable levels of expres-
sion throughout the adult rat central nervous system.
Further study, employing more quantitative in situ hybrid-
ization procedures and probes able to distinguish individual
synapsin I mRNA subtypes, will be necessary to quantitate
precisely the levels of the different isoforms of synapsin I
mRNAs expressed in these areas. Additionally, we have
demonstrated differential levels of expression of synapsin [
mRNA and protein within the defined synaptic circuitry of
the adult rat hippocampus. Studies invoking synaptic turn-
over and reorganization in this brain region may provide
insight into the functional requirement for synapsin I gene
expression in the restoration of synaptic contacts in the
central nervous system.
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