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Dynorphin Opioids Present in Dentate Granule Cells May Function as
Retrograde Inhibitory Neurotransmitters
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The granule cell population response to perforant path stim-
ulation decreased significantly within seconds following re-
lease of endogenous dynorphin from dentate granule cells.
The depression was blocked by the opioid receptor antag-
onists naloxone and norbinaltorphimine, suggesting that the
effect was mediated by dynorphin activation of «, type opioid
receptors. Pharmacological application of dynorphin B in the
molecularlayer was effective at reducing excitatory synaptic
transmission from the perforant path, but application in the
hilus had no significant effect. These results suggest that
endogenous dynorphin peptides may be released from a
local source within the dentate molecular layer. By light mi-
croscopy, dynorphin-like immunoreactivity (dynorphin-Ll)
was primarily found in granule cell axons in the hilus and
stratum lucidum with only a few scattered fibers evident in
the molecular layer. At the extreme ventral pole of the hip-
pocampus, a diffuse band of varicose processes was also
seen in the molecular layer, but this band was not present
in more dorsal sections similar to those used for the elec-
trophysiological studies. Electron microscopic analysis of
the molecular layer midway along the septotemporal axis
revealed that dynorphin-LI was present in dense-core ves-
icles in both spiny dendrites and unmyelinated axons with
the maijority (74%) of the dynorphin-LI-containing dense-
core vesicles found in dendrites. Neuronal processes con-
taining dynorphin-LI were observed throughout the molec-
ular layer. The results suggest that dynorphin release from
granule cell processes in the molecular layer regulates ex-
citatory inputs entering the hippocampus from cerebral cor-
tex, thus potentially counteracting such excitation-induced
phenomena as epileptogenesis or long-term potentiation.
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Understanding how neuropeptides function as neurotransmit-
ters has been an elusive goal. We have focused on the physio-
logical properties of the hippocampal opioid peptides, which
are thought to be important modulators of excitability and may
play a role in processes associated with both learning and mem-
ory (McDaniel et al., 1990) and epileptogenesis (Tortella et al.,
1986; Hong et al., 1993). The dynorphin opioids are a family
of more than five structurally related peptides that are synthe-
sized from a common precursor (Kakidani et al., 1982) and
coordinately released in hippocampus (Chavkin et al., 1985).
All are potent agonists at the «, type opioid receptor (Chavkin
et al., 1982; James et al., 1984; Nock et al., 1990). Previous
studies suggest that the dynorphin opioids regulate synaptic
transmission in the dentate gyrus molecular layer of guinea pigs
by activation of k, receptors (Wagner et al., 1992). Application
of « receptor—selective agonists decreases excitatory transmis-
sion from perforant path terminals in the molecular layer to the
dentate granule cells and blocks induction of long-term poten-
tiation at these synapses (Wagner et al., 1993). Furthermore,
the release of endogenous dynorphins by stimulation parameters
previously established (Wagner et al., 1991) similarly attenuates
excitatory synaptic transmission and long-term potentiation in
the molecular layer (Wagner et al., 1993). Similar opioid control
of excitatory transmission has been identified in granule cell
axon terminals in the CA3 region of hippocampus (Derrick et
al., 1991; Weisskopf et al., 1993).

The guinea pig dentate gyrus contains both the prodynorphin-
derived opioid peptides (McLean et al., 1987) and their high-
affinity binding sites, the «, opioid receptors (Nock et al., 1988,
1990; Zukin et al., 1988). Whereas dynorphins are located pri-
marily in the axons of granule cells coursing through the hilus
to terminate in stratum lucidum of CA3 (McLean et al., 1987),
«, receptors are found primarily in the dentate molecular layer
(Zukin et al., 1988; Wagner et al., 1991). This ligand/receptor
mismatch has been observed for several subtypes of opioids and
their receptors, and has led to the suggestion that opioids may
diffuse in a neurohumoral fashion hundreds of micrometers to
their target sites (McLean et al., 1987).

Perhaps the x-mediated inhibitory effects of released dynor-
phins shown previously (Wagner et al., 1993) occurred as a result
of dynorphin diffusing from hilar release sites to « receptors in
the molecular layer. Alternatively, extensive diffusion may not
be needed to explain the physiological actions if there is an
additional source of dynorphin within the molecular layer, near
high-affinity  receptors. If dynorphin is indeed locally available,



then two things would be predicted: (1) that the onset of en-
dogenous dynorphin-dependent synaptic depression would be
fast, and (2) that a high-resolution immunocytochemical inves-
tigation of the molecular layer would reveal dynorphin storage
sites in the molecular layer of the dentate gyrus.

The experiments in this study were designed to address both
physiological and anatomical aspects of the hypothesis that dy-
norphin is released within the molecular layer of the dentate
gyrus. We characterized the onset of endogenous dynorphin
action following release and examined the dynorphin distri-
bution in the molecular layer at the light and electron micro-
scopic levels. In the anatomical studies, we examined not only
the localization of immunoreactivity to dynorphin A, ; and dy-
norphin B, ,,, but also the distribution of two other prodynor-
phin-derived peptides expected to overlap dynorphin staining.
These were leu-enkephalin, a pentapeptide contained within
dynorphin, and leumorphin (also called dynorphin B,,,), a
C-terminally extended form of dynorphin that is biologically
active and present in the hippocampi of several species (Neal
and Neuman, 1989) but that has not yet been described in guinea

pig.

Materials and Methods
Electrophysiology

Hippocampal slices (500 um) were prepared from 175-250 gm adult
male Hartley guinea pigs (Simonsen Labs, Gilroy, CA) as described
previously (Wagner et al., 1992). All slices were cut in the horizontal
plane using a Campden vibrotome. Slices with transverse morphology
(Fig. 14) were submerged in a 34°C chamber and superfused with Krebs-
bicarbonate buffer (pH 7.4) containing (mm) NaCl (125), KCI (3), CaCl,
(4), MgCl, (4), NaH,PO, (1.25), NaHCO, (26), and glucose (10), and
saturated with 95% O,, 5% CO,. Bicuculline (10 um) was bath-applied
to the slices to block GABA, receptors in order to study primarily
excitatory responses.

Dentate granule cell population or field EPSP responses were evoked
by stimulating with a concentric bipolar electrode (100 um tip; SNE
100, Kopf Instruments) in the outer molecular layer at the apex of the
dentate gyrus. Axons of the perforant path originating from entorhinal
cortical cells enter the dentate in this region and synapse onto granule
cell dendrites (Ramon y Cajal, 1911; Lorente de No, 1934; Laatsch and
Cowan, 1966; Hjorth-Simonen, 1972). The stimulation pulse consisted
of single square waves (25-300 pA) of 0.3 msec duration. Extracellular
recording was performed using glass pipettes filled with 3 M NaCl. Three
different extracellular measures of granule cell excitability were used
(population spike amplitude, field EPSP amplitudes, and field EPSP
slopes), and all three showed the same sensitivity to exogenous and
endogenous dynorphin application.

In experiments investigating responses to endogenous dynorphin, re-
cording electrodes were placed in the granule cell layer of the exposed
blade of the dentate gyrus. The “exposed blade” refers to the half of the
dentate gyrus that is adjacent to the ventricle in the intact brain. The
amplitude of the granule cell population spike was measured (see Fig.
14) using a digitizing oscilloscope (5D10 Tektronix, Beaverton, OR).
High-frequency stimulation (HFS) in the hilus was given using a second
bipolar stimulating electrode and consisted of six trains (each 1 sec long,
50 Hz) of pulses (0.3 msec, 300 uA) delivered every other second for
11 sec. The placement of stimulating and recording ¢lectrodes is shown
in Figure 14. In each slice, a stimulus-response curve was constructed
for perforant path evoked granule cell population spikes. The stimulus
required to evoke a half-maximal response (S,) was calculated and
utilized in subsequent testing. Following at least 10 min of recording to
establish a stable baseline S,,, hilar HFS was given. Perforant path
evoked population spike responses were then recorded every 10 sec for
2 min, then every 30 sec up to 5 min, and then every minute for the
next 15 min. In half of the slices 100 nM norbinaltorphimine (NBNT)
was added to the perfusate 10 min after the hilar high-frequency stim-
ulation. Twenty minutes after the initial stimulation all slices received
a second hilar high-frequency stimulation and the effects on evoked
population responses were measured as before. Statistical analysis of
drug effects was done by two-way ANOVA with one repeated measure
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and Neuman-Keuls tests for post hoc comparisons. p < 0.05 was selected
to represent a significant difference.

In experiments involving exogenously applied dynorphin B, the slices
were cut through the granule cell layer and hilus (see Fig. 2C, inset) to
isolate the molecular layer of the exposed blade from excitatory inputs
through the hilus previously described (Scharfman et al., 1990). Field
EPSPs were measured using an extracellular recording electrode placed
in the outer third of the molecular layer, where the perforant path axons
terminate on granule cell dendrites, and evoked by a stimulating elec-
trode placed in the outer molecular layer on the opposite side of the
cut. In each slice, dynorphin B (100 um, in Krebs-bicarbonate buffer)
was applied separately to the subgranular zone of the hilus and to the
outer half of the molecular layer through a glass pipette connected to a
Picospritzer (General Valve Co., Fairfield, NJ). The size of the droplet
applied was approximately 0.1-1 nl (as measured in the recording cham-
ber above the brain slice), which would deliver 10-100 fmol per pulse.
This amount is comparable to the total releasable pool of dynorphin B
present: the rat hippocampus contains 460 fmol of dynorphin B per
milligram of protein of which about half is present in the dentate gyrus
and 1-2% releasable by strong depolarization (Chavkin et al., 1983,
1985). Since each hippocampal slice contains approximately 0.74 mg
of protein (Neumaier et al., 1989), we can estimate that the releasable
pool of dynorphin B in the guinea pig dentate gyrus is approximately
2-3 fmol. This rough calculation is solely provided to suggest that amount
of dynorphin applied by pressure pulse is likely to be greater than the
amount released by granule cell stimulation in these experiments, and
that the lack of effects seen after subgranular application were unlikely
to be a result of insufficient drug application. The configuration of elec-
trodes and pipette is shown in Figure 2C, inset; electrodes and pipettes
were positioned approximately 200-300 um below the surface of the
slice. After establishing a baseline response at the S,,, dynorphin B was
pressure-ejected into the tissue (20-40 psi, 5-200 msec duration), and
the slope and amplitude of the perforant path-evoked EPSPs were re-
corded every 10 sec for 2 min and then every 30 sec for 5 min. For
each slice tested, dynorphin B was applied to both the outer molecular
layer and to the hilus just below the granule cell layer (the dynorphin-
IR subgranular axon plexus; see Fig. 3E) using the same drug pipette
and application parameters, and the order was varied. In some slices,
the specificity of applied dynorphin action was tested by addition of
NBNI to the perfusate before dynorphin application, and in other slices
the dynorphin was replaced in drug pipettes with saline to control for
possible pressure and vehicle artifacts.

Fixation and preparation of sections for immunocytochemisiry

Four adult male Hartley guinea pigs (Charles River Labs, Wilmington,
MA) were deeply anesthetized with sodium pentobarbital and perfused
through the ascending aorta with 10 ml of heparin-saline followed se-
quentially by 65 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1
M phosphate buffer, and then 200 ml of 2% paraformaldehyde in 0.1 m
phosphate buffer. Brains were removed and stored in the latter fixative
for 30 min. Coronal or horizontal sections (40 xm) were cut on a vi-
bratome (vibrating microtome) through the entire extent of the hip-
pocampal formation. Sections were collected in phosphate buffer and
pretreated in 1% sodium borohydride in 0.1 M phosphate buffer prior
to immunocytochemical labeling (Milner et al., 1989).

Antisera. Polyclonal rabbit antiserum to dynorphin A, was pur-
chased from Peninsula Labs. The specificity of this antiserum was pre-
viously demonstrated using immunodot blots and immunoadsorption
(Pickel et al., 1993). Mouse monoclonal antibody against leucine-en-
kephalin (LE) was also purchased (Sera Labs, Crawley Down, United
Kingdom). This antibody has been previously characterized and tested
for specificity by immunodot blotting and adsorption (Milner et al.,
1989), and recognizes principally LE and methionine-enkephalin, al-
though it cross-reacts slightly with three fragments of dynorphin A
(dynorphin A, 4, dynorphin A ,, and dynorphin A, ;).

Polyclonal antisera against dynorphin B,_,; and against C-peptide (the
carboxyl terminal of dynorphin B, ,,) were a generous gift of Dr. Stanley
Watson, Mental Health Research Institute, University of Michigan. The
specificities of the dynorphin B, ,, and C-peptide antisera were previ-
ously demonstrated by self-blocking and cross-blocking adsorption ex-
periments (Neal and Neuman, 1989).

Immunocytochemistry. A modification of the avidin-biotin complex
(ABC)-peroxidase technique was used (Hsu et al., 1981). Briefly, sec-
tions were processed through the following incubations with continuous
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Figure 1. Depression of EPSPs following hilar HFS. 4, Camera lucida drawing of representative slice used in the electrophysiological experiments.
The placement of stimulating electrodes in the molecular layer (S,) and hilus (S,) and recording electrode (R) in the granule cell layer in this
experiment is indicated, along with a representative population spike recorded from the granule cell layer following stimulation of perforant path
afferents (with electrode S;) in the outer molecular layer. The population spike amplitude was measured as the difference in voltage between the
first maximum and minimum potentials (arrows). B: Top, High-frequency stimulation in the hilus (HHFS) produced a transient depression of the
population spike. A second HHFS consistently produced a similar depression. The HHFS consisted of six trains (each 1 sec long, at 50 Hz) of
pulses (0.3 msec, 300 uA) delivered every other second for 11 sec. Bottom, In a different slice than above, application of the x receptor antagonist
NBNI before the second hilar HFS revealed an NBNI-sensitive component of the depression, indicating the involvement of endogenous dynorphin.
C, The time course of NBNI-sensitive depression. Population responses following each HFS were converted to percentage of baseline determined
as the mean of the five population responses immediately prior to the hilar HFS. Data shown are the differences between the first response to hilar
HFS and the second response to hilar HFS. The second response to hilar HFS was measured either in normal Krebs-bicarbonate buffer (open
squares) or in the presence of 100 nM NBNI (solid squares). The times listed on the horizontal axis are seconds following the end of the hilar
stimulation period; thus, the 20 sec measure is actually 31 sec following the start of the hilar stimulation. The NBNI-sensitive component of the

depression was significantly different (*, p < 0.05) from depression in normal Krebs-bicarbonate buffer from 31 to 81 sec after beginning hilar
stimulation.

agitation: (1) a 1:8000 dilution of dynorphin A, ; antisera, 1:16,000 and hydrogen peroxide. All incubations were performed at room tem-

dilution of dynorphin B, ,, antisera, 1:25,000 dilution of C-peptide an-
tisera, or a 1:200 dilution of LE antisera, for 12-16 hr, (2) biotinylated
secondary antibody (1:400 goat anti-rabbit IgG for sections incubated
with antisera against dynorphins or C-peptide; 1:400 horse anti-mouse
IgG for sections incubated with LE antisera) for 30 min; (3) avidin—
biotin—peroxidase complex (Vectastain Elite kit) at double the recom-
mended dilution for 30 min. The ABC reaction produce was visualized
following incubation of the tissue in 3,3'-diaminobenzidine (Aldrich)

perature. Sections were washed between incubations with 0.1 M Tris
saline. To aid antibody penetration, 0.25% Triton-X was included in
the primary antibody incubation of sections processed for light mi-
croscopy, and sections for electron microscopy were processed using the
freeze-thaw technique (Descarries et al., 1992). Diluents consisted of
0.1 M Tris-saline (pH 7.6) with 0.1% bovine serum albumen. Sections
processed for light microscopy were mounted on gelatin-coated slides,
defatted and dehydrated through a graded series of alcohols and xylenes,
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Figure 2. Effect of focal dynorphin B
application in the molecular layer and
the region of the hilus adjacent to the
stratum granulosum (subgranular re-
gion). A, Traces showing the responses
of field EPSPs recorded in the molec-
ular layer to dynorphin B pressure ap-
plication in the molecular layer (ML,
upper three traces) and the subgranular
region of the hilus (Sb, lower three trac-
es). Application of dynorphin B in the
molecular layer substantially depressed
the EPSP, whereas subgranular dynor-
phin B application had a small and sta-

tistically insignificant effect. The same
drug pipette and application parame-
ters were used to deliver dynorphin B
in the two tissue locations. B, The av-
erage effect on EPSP amplitudes ex-
pressed as a percentage of predrug am-
plitude as a function of time following
dynorphin B application at ¢ = 0 in the
outer molecular layer (SE bars shown;
n = 7). Note that the onset of effect was
rapid, within 10 sec after a single pulse
of dynorphin B (100 gm). The same ef-
fect was seen in the field EPSP slope
measure (data not shown). C, Effect of
dynorphin B on EPSP amplitudes fol-
lowing application in the subgranular
plexus. There was no significant effect
of dynorphin application in the
subgranular plexus (n = 7, p > 0.05).
Inset, Electrode and drug pipette con-
figuration. S, stimulating electrode; R,
recording electrode, solid bar, knife cut;
* placement of drug pipette either in
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and coverslipped in DPX (Aldrich). Tissue was examined and photo-
graphed on Nikon Microphot and Aus Jena Jenalumar microscopes
using bright-field and differential interference contrast (DIC) optics.
For electron microscopy of immunolabeled tissue, labeled sections
of hippocampal formation were fixed in 2% osmium tetroxide in phos-
phate buffer for 1 hr, embedded in Epon as previously described (Milner
and Veznedaroglu, 1992). Regions through the molecular layer of den-

260 the molecular layer near the recording
electrode or in the subgranular region
of the hilus.

tate gyrus crest and ventral blade were selected in sections with mor-
phological correspondence to slices used for electrophysiology (see Fig.
64). Ultrathin (50 nm) sections of this region were collected on copper
grids and counterstained with uranyl acetate and lead citrate (Milner
and Veznedaroglu, 1992). Sections were examined and photographed
on a Philips 210 or a Philips 300 electron microscope.

Fixation and preparation of additional unlabeled sections for electron






microscopy. Two male Hartley guinea pigs (Simonsen Labs, Gilroy, CA)
were deeply anesthetized with sodium pentobarbital and perfused through
the ascending aorta with 10 ml of heparin-saline followed by 200 ml of
2% paraformaldehyde with 0.2% glutaraldehyde in 0.1 M sodium cac-
odylate buffer (0.1 m, pH 7.4). Brains were removed and postfixed in
the same fixative overnight. Hippocampi were removed, and a razor
blade was used to cut transverse sections approximately 1 mm thick
and then to isolate the dentate gyrus. Tissue blocks were rinsed in 0.1
M cacodylate buffer, osmicated (1% osmium in 0.15 M cacodylate buffer),
rinsed again, and embedded in Medcast. Ultrathin sections were cut
and stained with uranyl acetate and lead citrate as above. Sections were
examined and photographed on a Philips 410 electron microscope.

Analysis of dynorphin distribution in the molecular layer. Initial anal-
ysis of 10 horizontal sections from two animals revealed that dynorphin-
like immunoreactivity (dynorphin-LI) was primarily associated with
dense-core vesicle (dcv) profiles. Dcv profiles were identified based on
their characteristic appearance as spherical or ovoid organelles, 80-120
nm in diameter, with distinguishable outer membranes enclosing lu-
mens and uniformly dark cores. Some profiles that were probably dcvs
but that did not clearly fit the above criteria due to obscuring reaction
product were excluded from the counts. The location of labeled dcvs
was categorized as axonal, dendritic, or unknown. A labeled dcv profile
was classified as axonal if it was in a process with no rough ER and at
least two small clear synaptic vesicles, dendriticif in an obvious dendritic
spine or shaft defined by the presence of rough ER and absence of small
clear synaptic vesicles. Labeled dcv-containing processes that did not
meet all of the criteria for axons or dendrites were classified as unknown.

To calculate the percentages of dynorphin-ir dev profiles in each third
of the molecular layer, sections that contained well-preserved molecular
layers were carefully sketched on graph paper, using the 100 um squares
of the copper EM grid and the lines on the graph paper to keep the
dimensions of the sketch accurate. The locations of granule cells and
blood vessels were included on the sketches as reference points. A 100-
um-wide track (the width of one square on the copper sample-holding
grid) running from the superficial to deep extremes of the molecular
layer was chosen slightly into the exposed blade of the dentate gyrus,
generally parallel to the orientation of the granule cell dendrites. This
region was selected to correlate with the site of endogenous dynorphin
effects on synaptic transmission in the electrophysiological experiments
of this study. The distance along the track from superior edge of granule
cell layer to the superior edge of molecular layer was measured on the
sketch and divided by 3. The grid squares comprising the track were
then examined on the electron microscope and dynorphin-labeled dcvs
were counted in each third of the molecular layer. In addition to com-
paring the relative dynorphin content of the inner, middle, and outer
molecular layer, the relative levels of dynorphin in axons versus den-
drites were determined for each sample as a percentage of total dynor-
phin along the track in that sample. Comparisons were made by cal-
culating the distribution of dcvs with dynorphin-LI in each slice as a
percentage of total dynorphin-labeled dcvs in that slice, and statistical
significance of apparent differences in distribution was determined by
two-way analysis of variance.

Results

Time course of physiological effects of endogenous dynorphin
High-frequency stimulation of the hilus (see Fig. 14 forelectrode
placement) led to depression of the granule cell population re-
sponse (Fig. 1B) evident at the first time point measured (21
sec after beginning the 11 sec stimulation train). The depression
was reproducible as a second response with similar onset, mag-
nitude, and duration could consistently be produced by repeat-
ing the hilar high-frequency stimulation train (Fig. 1B,C). In

—
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slices perfused with the « receptor antagonist NBNI, the second
hilar high-frequency stimulation was much less effective in caus-
ing a depression (Fig. 1B). In these slices, both NBNI-sensitive
and NBNI-insensitive components of the depression were ev-
ident (Fig. 1B). The onset of a NBNI-sensitive depression of
the population spike was fast, showing statistical significance
within 31 sec after beginning the 11 sec hilar high-frequency
stimulation (Fig. 1C). While the onset of dynorphin action was
slower than the millisecond required for GABA or glutamate
neurotransmission in this region, this time frame suggests that
the peptide diffuses only a short distance as discussed below
(Nicholson, 1988/1989).

Electrophysiological responses to applied dynorphin

The dendritic field EPSP recorded in the molecular layer was
substantially depressed by dynorphin B application in the mo-
lecular layer but was not significantly diminished by dynorphin
B application in the subgranular region of the hilus (Fig. 2). This
difference is evident in the oscilloscope traces of the EPSP re-
sponse (Fig. 24) and in graphic representations of the EPSP
amplitude and slope (Fig. 2B,C). The maximal depression of
the EPSP (which occurred 20 or 30 sec after drug application)
was measured in seven slices. Following dynorphin B applica-
tion in the molecular layer, the average peak depressions of the
EPSP amplitude and slope were 48 + 7% and 45 + 6% (n =
7). Following subgranular application of dynorphin B, the av-
erage depressions of the EPSP amplitude and slope were less
than 5% and not significantly different from baseline. The effects
of dynorphin B application in the molecular layer were blocked
by pretreatment with 100 nMm NBNI (z = 3) and not mimicked
by equivalent application of vehicle alone (data not shown). The
differences in dynorphin B action between drug application sites
were significant (p < 0.05) by unpaired ¢ test and Wilcoxon
signed rank tests. The lack of effect of subgranular administra-
tion was not a result of insufficient peptide application: the same
pipette was used in both sites for each slice, drug flow was
checked before and after the determination, and the amount of
peptide delivered by the 0.1-1.0 nl droplet was calculated to be
greater than the releasable pool of endogenous dynorphin B
present in the dentate gyrus. The greater sensitivity of the ex-
citatory synaptic response to dynorphin B application further
suggests that endogenous dynorphin actions in the molecular
layer are likely to be mediated by a local source of peptide rather
than a distant source in the hilus.

Light microscopic localization of dynorphin-like
immunoreactivity

As previously reported (McLean et al., 1987), the guinea pig
dorsal or anterior hippocampus contained dense dynorphin-
labeled processes in the hilus and stratum lucidum of region
CA3 (Fig. 34,C). Staining was absent in a narrow zone of the
hilus immediately adjacent to the granule cell layer and was
observed in only a few scattered fibers in the molecular layer.

Figure 3. Light microscopy of dynorphin-like immunoreactivity in the dentate gyrus in coronal and horizontal sections. 4, Dynorphin A, ; labeling
in a coronal section from dorsal hippocampus. B, Dynorphin B, , labeling in a coronal section from ventral hippocampus. C, Dynorphin A,
labeling in a horizontal section from dorsal hippocampus. D, Dynorphin A ; labeling in a horizontal section from ventral hippocampus. In all
sections, intensely labeled fibers were present in the hilus and stratum lucidum, with occastonal lightly labeled fibers in the granule cell and molecular
layers. In sections from ventral (temporal) hippocampus, an additional band of labeling was also evident in the molecular layer (B, D). E, Dynorphin
B,.,, labeling in a horizontal section with transverse morphology comparable to slices used in electrophysiological experiments. The band of
dynorphin-LI in the molecular layer observed in sections from the ventral pole was not present at this level. Scale bars, 200 um.
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Figure 4. High-magnification DIC light microscope photomicrographs of sections of dentate gyrus labeled with antisera to various opioid peptides.
A, Dynorphin A, labeling in the ventral pole of the hippocampus. The band in the molecular layer contains diffuse reaction product and thin
varicose fibers. B, Dynorphin A, ; labeling in a horizontal slice with transverse morphology as in Figure 3E. Note the absence of a band in the
molecular layer. C, Leucine-enkephalin-like immunoreactivity (LE-LI) in a ventral slice comparable to 4. In addition to the hilar and molecular
layer labeling, cells with LE-LI (arrow) were present in granule cell layer, molecular layer, and hilus. D, Ventral section labeled with antisera to the
C-terminus of leumorphin. Labeling was virtually absent in the dentate gyrus. g, granule cell layer; dashed line, hippocampal fissure, Scale bars,
50 uym.
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Figure 5. Electron micrographs showing the normal morphology of dense-core vesicle profiles in dendrites in the molecular layer in unlabeled
tissue. A, A dense-core vesicle profile (arrow) at the base of a dendritic spine. B, A dense-core vesicle (arrow) in the shaft of a dendrite. 4, dendrite;

s, spine. Scale bars, 200 nm.

This pattern held true through most of the anterior—posterior
and dorsal-ventral extent of the hippocampus. However, at the
extreme temporal (i.e., ventral) pole, a band of dynorphin-LI
was present in the molecular layer at the transition between the
middle and outer thirds of the molecular layer (Fig. 38,D). At
higher magnifications, the band exhibited darkly stained vari-
cose fibers (Fig. 44). Although these bands represent an obvious
source of dynorphin in the guinea pig molecular layer, they were
absent in sections from more dorsal levels of the hippocampus
(Figs. 34,C.E; 4B), notably in sections corresponding to slices
used for the electrophysiological experiments (compare Figs. 1,
3E).

Comparison of the two antisera to dynorphin revealed no
differences in the pattern of dynorphin A, ; and dynorphin B,_;
labeling. Sections labeled with LE antisera showed overlapping
staining with dynorphin, and additionally labeled cell bodies
were seen in molecular layer, granule cell layer, and hilus (Fig.
4C). Unexpectedly, guinea pig hippocampus showed no signif-
icant labeling with antisera to the extended dynorphin B pre-
cursor, C-peptide (Fig. 4D).

Electron microscopy. Initial analysis of the molecular layer of
the dentate gyrus from unlabeled tissue revealed large dense-
core vesicle (dcv) profiles in both dendrites (Fig. 5) and axons
(not shown). Axonal and dendritic devs were round or ovoid
organelles 80-120 nm in diameter, composed of an outer mem-
brane, a lumen, and a solid dark core. In axons, dcv profiles
were observed in and near clusters of small clear vesicles, and
as previously described, they were usually not immediately ad-

jacent to presynaptic membrane specializations (Zhu etal., 1986).
In dendrites, dcv profiles were most commonly in or near spines,
and were not associated with any visible membrane specializa-
tions (Fig. 5). Many of the axon terminals containing dcv profiles
formed asymmetric synapses, and dcv-containing dendrites were
recipient to terminals forming asymmetric synapses (data not
shown).

Analysis of the same region in tissue labeled for dynorphin-
LI revealed that dynorphin-LI was largely concentrated over
some of the same structures previously identified in unlabeled
tissue as dcvs, that is, round or ovoid organelles with an outer
membrane, a dark core, and diameters ranging from 80 to 120
nm (Figs. 6, 7). Reaction product was also occasionally observed-
within the cytoplasm adjacent to labeled vesicles (Fig. 6D), and
(in axons only) rimming microtubules and mitochondria in a
fashion previously described (Milner and Veznedaroglu, 1992).
Dcv profiles with dynorphin-LI were observed in the molecular
layer in both axons (Fig. 6C) and spiny dendrites (Figs. 64,8,D;
7B-D). Axonal dynorphin-LI was seen in unmyelinated fibers,
along with clusters of unlabeled small clear vesicles (Fig. 6C).
Within dendrites, dynorphin-LI dcv profiles were often found
in or very near spines (Figs. 6B,D; 7B,D) and less commonly
in dendritic shafts (Figs. 64, 7C). In both axons and dendrites,
dynorphin-LI dcvs were not localized near any visible pre- or
postsynaptic membrane specializations.

The distribution of dynorphin-LI dcvs was more closely ex-
amined in transverse horizontal sections with the same mor-
phology as hippocampal slices used in the physiological studies.
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Figure 6. Dynorphin-like immunoreactivity in the molecular layer. In 4-D, immunoreactivity was primarily localized over dense-core vesicle
profiles. 4, Labeled dcv profile in a dendritic shaft (solid arrow). An unlabeled dcv is also present in a nearby axon (open arrow). B, Dendritic dcv
(solid arrow) in a spine head that receives an asymmetric synapse from an unlabeled axon. An unlabeled dcv profile is also present (arrowhead)
in a nearby axon. C, Labeled dcv profile (solid arrow) in an axon. D, Reaction product concentrated over a dcv profile (solid arrow) and adjacent
cytoplasm in a spine head contacted by an unlabeled axon forming an asymmetric synapse. a, axon; d, dendrite; s, spine. Scale bars, 200 nm,



Figure 7.

Dynorphin-LI dendrites are found throughout the molecular layer in transverse horizontal sections. 4, Camera lucida drawing o
representative transverse horizontal section corresponding to slices used in electrophysiological experiments. Outlined area indicates the region
the dentate gyrus examined ultrastructurally. B, An example of a dynorphin-immunoreactive dcv profile (arrow) in a dendrite of the inner molecu
layer. Note the presence of simple spines. C and D, Dendrites containing dynorphin-ir devs in the middle and outer molecular layers, respective
Spines on these dendrites are more complex than shown in B. 4, dendrite; s, spine. Scale bars, 200 nm.



3746 Drake et al. » Dynorphin in Granule Cell Dendrites

50 B Dendritic
1 Axonal
40

'///

outer

Dyn-LI dcv Profiles (% of Total)

middle inner

Molecular Layer Region

Figure 8. Dynorphin-LI dcvs are more common in dendrites than in
axons in the molecular layer. Dynorphin-labeled dev profiles were counted
on the electron microscope along a 100 um track from outer to inner
molecular layer in 10 transverse horizontal sections from two animals.
No differences were observed in sections labeled with dynorphin A,
and dynorphin B, ;, so the counts were pooled. The percentage of
dynorphin-LI in dendrites (solid bars) and axons (hatched bars) was
determined relative to the total number of dynorphin-LI dcvs in iden-
tified processes in that section (range = 6-34, average = 15). Two-way
ANOVA revealed that significantly more dynorphin-LI was located in
dendrites than in axons in all regions of the molecular layer. There were
no significant differences in content between dendrites in different mo-
lecular layer regions or between axons in different regions.

To maximize the correlation between the electron microscopic
and physiological studies, this examination was restricted to the
dentate gyrus crest region and an adjacent portion of the exposed
blade (compare Figs. 14, 74). As in other samples of the mo-
lecular layer, in transverse horizontal sections labeled dcv pro-
files were seen in axons (not shown) and spiny dendrites through-
out the molecular layer (Fig. 7B-D). Labeled dendrites in the
inner one-third of the molecular layer tended to be large di-
ameter with relatively simple spines (Fig. 7.8) while in the outer
two-thirds the labeled dendritic shafts were usually smaller and
the spines more complex (Fig. 7C,D).

Inspection of the molecular layers of transverse horizontal
sections revealed many more dynorphin-LI dcvs in dendrites
than in axons. This observation was quantified by tabulating
dynorphin-LI dcvs along a 100-um-wide track from outer to
inner extreme of the molecular layer near the crest of the dentate
gyrus (see Materials and Methods for detaiis). The average total
number of dynorphin-LI dcvs in a single track was 23, with
labeled devs in identified processes averaging 15 per track (range,
6-34). In each section, one-third of the labeled dcvs were located
in processes that either (1) did not meet all of the criteria for
classification into the axonal or dendritic groups, (2) were dam-
aged during fixation or freezing such that the contents of neigh-
boring axons and dendrites may have mixed, or (3) were dam-
aged or sectioned so as to make the processes unrecognizable.
Processes that met some but not all of the criteria for catego-
rization included both probable axons and dendrites, but these
were not included in the identifiable category. Among identi-
fiable processes, dynorphin-LI was significantly more abundant
in dendrites than axons in each region (inner, middle, and outer
molecular layer) by two-way ANOVA (Fig. 8). The percentages

of dendritic dynorphin-LI were not significantly different be-
tween the three regions of the molecular layer, although there
was a gradient decreasing toward the granule cell layer (Fig. 8).
Likewise, the percentages of axonal dcvs were not significantly
different between the three regions, although there was a trend
toward increasing prevalence closer to the granule cell layer (Fig.
8). In comparison to the transverse sections, sections from the
extreme ventral pole of the hippocampus appeared to contain
similar amounts of dendritic dynorphin-LI and more axonal
dynorphin-LI in the molecular layer, corresponding to the band
observed in the molecular layer by light microscopy. Because
the focus of this study is on those hippocampal regions relevant
to the physiological studies, these latter observations were not
further quantified.

Discussion

This study presents physiological and anatomical evidence that
the molecular layer contains a source of dynorphin that may
act to modulate perforant path induced excitation of granule
cells. Our hypothesis is supported by the following new findings,
which are listed and then discussed sequentially below. (1) The
rate of onset of dynorphin action following stimulation was
rapid (within seconds), and calculations based on an estimated
diffusion coefficient for dynorphin suggest that the source of
peptide was within 70 um of the site of action. (2) Application
of dynorphin B was effective when applied in the molecular
layer near the site of peptide action, but ineffective when applied
in the hilus near the dynorphin-rich axonal plexus. (3) Ultra-
structural analysis of the dentate molecular layer revealed the
presence of a low level of dynorphin-immunoreactive dense-
core vesicles, with 74% found in spiny dendrites of granule cells,
and 26% in unmyelinated axons. These results suggest that under
conditions of intense afferent activation, the granule cell can
release dynorphin-opioids from either dendrites or recurrent
axons to activate «, receptors on presynaptic terminals of the
perforant path and thereby reduce the excitatory transmitter
release for tens of seconds to minutes. The significance of these
findings is that they address the larger question of the properties
of endogenous neuropeptide synapses in the mammalian brain
by providing new detail to our understanding of the anatomical
organization and synaptic physiology of opioid action in the
dentate gyrus.

Kinetics of endogenous opioid action. Hilar stimulation re-
leased endogenous opioid peptides that depressed the perforant
path excitation of granule cell dendrites in an NBNI-sensitive
fashion. Previous work indicated that endogenous dynorphins
act on presynaptic «, receptors to reduce glutamate release from
perforant path terminals in the molecular layer (Wagner et al.,
1991, 1992, 1993). In the present study, the onset of endogenous
dynorphin actions was examined more closely, and effects were
found to be evident within 21 sec and statistically significant by
31 sec following the initiation of peptide-releasing stimulation.
Our results do not exclude the possibility that dynorphin effects
occurred even earlier than 20 sec but were not prevented by
NBNI due to transiently high local concentrations of dynorphin
at molecular layer « receptors. The kinetics of the response mea-
sured include the time required for release, diffusion to site of
action, activation of response, and clearance from the site of
action. Nevertheless, we can calculate how far the peptide can
diffuse in 20 sec based on an estimate of the diffusion constant.
The diffusion constant of dynorphin in water is likely to be
similar to other peptides of the same size, 4 x 10-¢ cm/sec



(Schenk et al., 1991). Adjusting this for the increased tortuosity
of the extracellular space and charge interactions between dif-
fusing cations and polyanionic glycosaminoglycans in the ex-
tracellular matrix (Rice et al., 1985) gives an effective diffusion
coeflicient of about 4 x 10-7 cm/sec; however, while this may
be a reasonable estimate, we have not empirically determined
the effective diffusion coefficient of dynorphin B in the brain
slice. Using Fick’s law of diffusion (> = 6D*t, where r is the
radius of diffusion in the three-dimensional space, D* is the
effective diffusion coefficient, and ¢ is time) (Hille, 1992), the
peptide would be expected to move about 70 um in 20 sec on
average. Because the highly charged dynorphins are known to
be exceptionally “sticky” (Ho et al., 1980), the diffusion coef-
ficient is likely to be a conservative overestimate and the dif-
fusion distance less. As the 20 sec onset time also includes the
time required for peptide release, peptide diffusion, and peptide
action, the diffusion distance estimate is realistically an upper
limit. Thus, the rapidity of dynorphin’s actions in this physi-
ologic system suggests that dynorphin was released from local
sites closer to the molecular layer « receptors than the hilar stores
of dynorphin several hundred micrometers away.

This hypothesis was supported by the lack of significant effect
produced by dynorphin B application in the hilus. The effec-
tiveness of dynorphin B application in the molecular layer was
not unexpected, as this is the location of both the perforant path
terminals and «, receptors. Additionally, the amount of dynor-
phin B applied by the pipette pulse is large in comparison to
the dynorphin peptide content of the dentate gyrus (Chavkin et
al., 1983, 1985). The lack of effect following application in the
subgranular plexus of the hilus was also not unexpected since
diffusion from a source more than 300 um away (as measured
in the slice) would take more than 6 min as calculated using the
effective diffusion coefficient for dynorphin B defined above.
The results presented for dynorphin B application support two
conclusions: first, that the molecular layer is the likely site of
dynorphin action, and second, that the source of endogenous
dynorphin is likely to be near the sites of action, within the
molecular layer.

Dynorphin-containing dense-core vesicles in the molecular layer
of the dentate gyrus. Although virtually no dynorphin immu-
noreactivity was observed in the molecular layer of transverse
horizontal sections at the light microscopic level, a principal
finding of this study was the ultrastructural observation that low
levels of dynorphin-containing dcvs were evident in the molec-
ular layer. Both identified dendrites and axons contained labeled
dcvs, but the majority (74%) were in dendrites near the putative
site of dynorphin action on perforant path terminals. Consid-
erable evidence suggests that the molecular layer dynorphin-
containing dendrites observed in this study originate from gran-
ule cells. Previous studies have localized almost all dentate
dynorphin-LI and prodynorphin mRNA to the granuie cells
(McGinty et al., 1983; Morris et al., 1988). In our study, the
dynorphin-containing dendrites were observed to originate from
granule cell somata in a few of the images of the inner molecular
layer. In the outer two-thirds of the molecular layer, the mor-
phology of dynorphin-containing processes was characteristic
of granule cell dendrites: the dendritic processes possessed a
large numbers of spines and received both perforated and non-
perforated synapses onto spines and shafts. The spines were
generally more complex and the dendritic shafts smaller in di-
ameter in the outer two-thirds than in the inner third of the
molecular layer. These characteristics correlate precisely with
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previously described granule cell dendrites (Blackstad, 1963;
Laatsch and Cowan, 1966). In contrast, the dendrites of most
inhibitory interneurons of the dentate gyrus are distinctly aspi-
nous or sparsely spiny (Amaral, 1978). Although populations
of spiny cells in the hilus have been described (Ramon y Cajal,
1911; Lorente de No, 1934; Blackstad, 1963; Amaral, 1978;
Ribak et al., 1985), in guinea pig these cells tend not to send
dendrites into the molecular layer (Scharfman and Schwartz-
kroin, 1988; but see Scharfman, 1991), and there is no evidence
that these nongranule cells contain dynorphin.

The origins of dynorphin-labeled axons in the molecular layer
are much less clear. In guinea pig, a portion of the perforant
path has been reported previously to contain proenkephalin-
derived peptides (Tielen et al., 1982). Yet, it is unlikely that the
dynorphin-LI observed in our study was due to cross-reaction
of dynorphin antisera with enkephalin, since neither antiserum
significantly recognized enkephalin in specificity tests (Neal and
Newman, 1989; Pickel et al., 1993). The presence of dynorphin
in fibers of the perforant path has been previously suggested
(Kanamatsu et al., 1986; McGinty, 1993), and our results show
dynorphin-LI along the temporammonic tract that also origi-
nates in entorhinal cortex (Fig. 3D,F). However, previous stud-
ies using a radioligand displacement measure of dynorphin re-
lease indicated that the perforant path was unlikely to be the
source of the released dynorphin (Wagner et al., 1991). Specif-
ically, dynorphin release following activation of perforant path
fibers could be blocked by the glutamate receptor antagonist
CNQX, indicating that a postsynaptic source (i.e., granule cells)
predominated.

Although some of the dynorphin-containing axons may be-
long to the perforant path, an additional source must be pos-
tulated since the perforant path projects only to the outer two-
thirds of the molecular layer (Hjorth-Simonsen, 1972; Steward,
1976), and axonal dynorphin-containing dcvs were seen in
throughout the molecular layer. A possible source of some dy-
norphin-containing axons is the recurrent collaterals from gran-
ule cell axons. Previous investigations in rats and humans have
observed a few granule cell axon collaterals penetrating only
into the inner molecular layer (Laurberg and Zimmer, 1981;
Houser et al., 1990), but it is possible that in guinea pig the
granule cell axon collaterals extend farther into the molecular
layer. However, Timm staining of granule cell axons revealed
only a few scattered collaterals crossing the granule cell layer in
guinea pig (Geneser-Jensen et al., 1974, and our unpublished
observations). Finally, axons containing dynorphin may be from
interneurons (or other nongranule cells) scattered in the hilus
and molecular layer as seen in rats (Chavkin et al., 1985), but
dynorphin-containing interneurons were not seen in this study.
In summary, the identity of the dynorphin-containing axons is
not clear, and whether they contribute to the electrophysiolog-
ical effects observed in this study is not known. However, the
low relative proportion in axons compared to dendrites suggests
that the dendrites may be a more significant source.

An important question concerns the functional significance
of the relatively sparse distribution of dcv seen in the molecular
layer. How many dynorphin-containing vesicles would be re-
quired to support the effects observed? A precise answer to this
question requires additional information not presently avail-
able. We do not know (1) how much dynorphin is contained in
a single dcv, (2) what fraction of the vesicle contents is released
at each fusion event, (3) how many vesicles fuse with each
stimulation event, or (4) exactly how far apart are the release
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sites and receptors. However, there are two lines of reasoning
that suggest that the low dcv density observed may be func-
tionally significant. The first is that the endogenous opioid effects
seen in the physiological portion of this study are likely to have
been produced by local release as outlined above. The only
alternative source is in the subgranular plexus and is apparently
too far away based on the diffusion calculations. Thus, the low
number of vesicles seen is likely to be functionally significant.

The second line of reasoning is based on an estimate of the
dynorphin concentration in the extracellular space following the
release of the dense-core vesicle contents. If the dynorphin con-
centration in a decv is 1 mm as estimated (Thureson-Klein and
Klein 1990), the contents of a 100 nm dense-core vesicle (ap-
proximately 315 molecules of dynorphin B) would produce a
10 nM concentration in the extracellular space in a sphere of
brain having a diameter of about 7.5 um. To get a sense of this
distance, note that the width of the tissue fields shown in the
EM plates (Figs. 5-7) is 2 um or less. A concentration of 10 nm
dynorphin B should be able to occupy more than 50% of the
receptors and produce a substantial effect based on the measured
potency in bioassay (James et al., 1984) and binding affinity for
«, sites (Nock, 1990). Thus, the release of a single dynorphin-
containing vesicle could have a substantial effect.

In this study, the numbers of dynorphin-containing dcvs ob-
served in axons and dendrites in the molecular layer are relative,
not quantitative. The counts that were done showed an average
of 23 dcvs in the 50 um tract examined, which gives an estimate
of about 1 dev per 30 um?. This value is likely to be a substantial
underestimate of the actual vesicle density because of the very
conservative criteria we used to distinguish vesicles from other
labeled structures. Unless the vesicle was cut nearly through its
equator, it would not show the appropriate diameter, dense core,
clear lumen morphology that we required. An appropriately
rigorous quantitative study is in progress as truc quantitative
analysis of the amount of dynorphin present in each molecular
layer would require different sampling methods (e.g., serial sec-
tions and randomized planes of section) (Bolender, 1991).
However, the present relative comparisons between inner, mid-
dle, and outer molecular layers, and between axons and den-
drites, should provide a reasonable reflection of the relative
distribution (Clarke, 1989; Coggeshall, 1992) because dcv pro-
files did not appear to vary in size in the different regions of the
molecular layer or between axons and dendrites.

Light microscopic investigation revealed a previously unre-
ported band of dynorphin-LI at the border of the middle and
outer molecular layers at the ventral pole of the hippocampus.
This band was also present (although much lighter) in sections
labeled with antibodies against LE, confirming a previous report
of the LE-LI labeling pattern in this species (Tielen et al., 1982).
The correspondence of the dynorphin-LI and LE-LI patterns
may be due in part to cross-reactivity of the LE antisera, since
the LE antisera used in the present study and that of Tielen et
al. both recognized the LE sequence contained within dynorphin
in addition to LE itself (Tielen et al., 1982; Milner et al., 1989).
The source and role of this dynorphin-containing band in the
molecular layer are not known.

The suggestion that dynorphin may be released from dendrites
as well as axons is consistent with a growing body of evidence
documenting the distinct characteristics of neuropeptidergic sig-
naling compared to those of classical “fast” synaptic transmit-
ters. Neuropeptide localization in and release from dendrites
has previously been reported in other brain regions, including

the trigeminal subnucleus caudalis (Zhu et al., 1986) and mag-
nocellular neurons of the hypothalamus (Pow and Morris, 1989).
Release of peptide-containing dcvs from dendrites was clearly
shown by electron microscopic identification of exocytotic pro-
files at locations lacking obvious presynaptic specializations (Zhu
et al., 1986; Pow and Morris, 1989; Thureson-Klein and Klein,
1990). Our results suggesting that dynorphin-containing dcvs
might be released from dendrites at sites lacking presynaptic
densities are consistent with these previous studies.

Transmitters released from dcvs also differ from those re-
leased from small clear vesicles in the relationship between the
release site and site of action. Neuropeptides have been shown
to have effects across distances many times greater than the
synaptic cleft (Thureson-Klein and Klein, 1990). Similarly, the
requirement for high-frequency stimulation to evoke hippocam-
pal dynorphin release (previously established by Wagner et al.,
1991)is like that described in other neuropeptide systems, where
neuropeptide release requires much more intense stimulation
than classical synaptic transmitters (Lundberg et al., 1981). Fi-
nally, many of the dendritic spines containing dynorphin-LI
were postsynaptic to terminals forming asymmetric synapses.
Because asymmetric synapses are believed to be excitatory (Pe-
ters et al., 1991), this observation suggests that dynorphin could
be released from dendrites following physiological depolariza-
tion by afferent fibers. Thus, the hypothesis that dynorphin might
be released from dendrites as well as axons in the molecular
layer to modulate excitatory transmission is consistent with the
many hormone-like qualities of neuropeptides in other systems.
However, while our anatomical observations clearly document
the presence of dynorphin-containing dcvs in the molecular
layer and the physiological data suggest that dynorphin is re-
leased from a local source in the molecular layer, proof that
dynorphin is released from either dendritic or axonal sites is
extremely difficult and would require an extensive search for
exocytotic profiles in this region.

The model suggested by our results is that dynorphin located
in granule cells can be released following appropriate stimula-
tion, whereupon it depresses further excitation of the granule
cells by activation of «, opioid receptors expressed on perforant
path terminals. Additional data are clearly required to establish
the validity of this hypothesis. A molecular layer source of dy-
norphin would serve as a retrograde inhibitory transmitter, tem-
pering excitation under conditions of strong stimulation. Indeed,
« opioids have been found to inhibit long-term potentiation
induction (Wagner et al., 1993; Weisskopf et al., 1993), and
seizures in a variety of animal models (Tortella et al., 1986).
This feedback system may therefore play an important role in
modulating the changes in excitability seen in epileptogenesis
and in learning and memory.
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