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AMINE NEUROTRANSMITTER REGULATION OF
LONG-TERM SYNAPTIC PLASTICITY IN HIPPOCAMPUS

AFOSR 85~0178

Anmual Technical Report , i
AFOSR-TR- 87-0723
1. Summary

' The overall goal of this research project is to investigate the
mechanisms of long~term synaptic potentiation (LIP) in hippocampus, with
partic.:larenphasismthemodulatimofm?byamm neurotransmitters. It
Y shown that norepinepghrine (NE) enhances the magnitude,

duraticn and probability of induction of LTP at mossy fiber synapses.
Dn'ingthesecmﬂyearofthisgrant intracellular recording techniques
were utilized to explore various cellular hypotheses associated with this NE
modulation of LIP. Itwasstwwnﬂ:atﬂ)emjectlmofcyclicmintome
postsynaptic neuron could mimic the action of NE in enhancing ILTP. This

very important series of experiments has led to the current working
hypoﬂmisﬂntmmnatsm?bymsmgcychcminthe
postsynaptic neuron. Additional experiments, which explored possible
menbrane mechanisms associated with the action of NE on LTP, indicated that
NE, through beta-adrenoceptors and cyclic AMP, increases the activity of at
least one type of voltage-dependent calcium channel. Other work associated Ny
with this grant involved the development of a preparation of mossy fiber
synaptosames for electrophysioclogical analysis and computer models for
similation of neural networks comprised of realistically represented
hippocampal neurons.

2. Research Objectives -

The research objectives for the funding period, 1 April 1986 - 31 March
1987, were as follows:

a) Test the hypothesis that the NE enhancement of LIP is mediated in
the postsynaptic neuron.

b) Investigate multiple types of calcium channels in hippocampal
neurons ard test the hypothesis that the NE modulation of LIP is

mediated through changes in one or more types of voltage-dependent
calcium chamnels.

c) Develop a preparation enriched in mossy fiber synaptosomes for
electrophysiological and biochemical analyses of neurctransmitter
release.

d) Develop single neuron and milti-neuron camputer models.
3. Status of Research

a) Test the hypothesis that the NE enhancement of ITP is mediated in

mgcneuron One prediction of this hypothesis is that the
previously demonstrated blockade of LTP by propranolol should be overcame by

the postsynaptic injection of cyclic AMP. In other words, if the




enhancement of LIP by the endogenocus release of NE is mediated by a rise in
cyclic AMP in the postsynaptic neuron, then the propranclol inhibition of
ILTP occurs through the block of beta-adrenoceptors on the postsynaptic
nearon. Furthermore, such a block by propranclol should be overcome by
artificially raising cyclic AMP in the postsynaptic neuron. We tested this

ptedictimofﬂnabovehypoﬂxesisusingthefollowi:qexperiwmtal

Three groups of cells were campared. In two groups of cells, the
intracellular micropipette contained potassium acetate plus 8-bramo-cyclic
AMP (8-br-cAMP), and for ane of these groups, a high frequency stimilus
train was given to the mossy fibers to elicit ITP. In the third group, the
micropipette contained the inactive metabolite of cyclic aMP, 5'AMP, and
this group also received high frequency stimilation of the mossy fibers. We
found that only the group of cells injected with 8-br-cAMP and which
received a high frequency stimilus train displayed ITP (Fig. 1). LIP was
determined under voltage clamp comditions in which the conductance was
calculated fram current measurements at 5 ms and 17 ms after the stimulus.
.'nnnaasmnntatnnsrepnsentsprimarﬂyﬂlefeed-fomaxdardreamerm
inhibitory currents, whereas the early measurement reflects both excitatory
and inhibitory currents. We found that there was an increase in the
currents measured at 5 ms, but no change in the currents measured at 17 ms.
This suggests that there was no change in the inhibitory conductance
associated with ILTP and that the increase in the conductance measured at
5 ms represented an increase in the mossy fiber evoked excitatory
conductance. These results also confirmed earlier findings, which suggested
that an increase in cAMP by itself does not produce LTP. However, an
irx:maseincAMPincmij:timwithmghfrequemystmlatmnmu
increase both.the magnitude and the probability of induction of LIP.

In an attempt to determine possible mechanisms associated with the caMP
enhancement of LTP, we measured the membrane depolarization curing the high
stimilus train in two of the groups of cells—the 8-br-cAMP group,
ard the 5'-AMP group. We fourd that there was a significantly greater and
more prolonged depolarization during the train in the 8-br—cAMP group (see
Fig. 2). These results suggest that the mechanism of action of NE and 8~br-
CAMP is to increase the amount of depolarization dquring the stimilus train.

A possible mechanism for the enhanced depolarization can be proposed

based on results given below. We propose that NE, through beta-
adrenoceptors and increased cAMP, enhances the activity of voltage—dependent
‘calcium chamnels. This enhanced activity of calcium channels will lead to a
greater depolarization during the stimulus train and, ultimately, greater
influx of calcium. It has been proposed by others that calcium influx is
the critical event leading to ITP. Our current working hypothesis,
therefore, is in keeping with the idea that greater postsynaptic Ca influx
leads to greater ITP.

b) Investigate multiple types of calcium channels in hippocampal
neurons and test the hypothesis that the NE modulation of LTP is mediated
through changes in one or more types of voltage-dependent calcium channels.
.In year one of this grant, we explored the action of NE on whole—cell
calcium currents measured in acutely-exposed granule cells fram hippocampal
slices. In year two of this grant, we extended this investigation to the
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level of single calcium channels. It has been proposed by others that there
are multiple types of calcium channels in neurons—at least two and perhaps
three. Our first goal was to explore the possibility that there are
miltiple types of calcium chamnels in hippocampal neurons, and second, to
determine which of the miltiple types of channels was modulated by NE.

Based solely on single channel conductances, we have identified at
least three types of calcium chamnels. Using isotonic barium chloride in
the recording pipette and cell-attached recordings, we have identified
.chamnels with conductance levels of approximately 8 ps, 14 ps, and 27 ps
(see Fig. 3). These different conductance levels could be different states
of the same chamnel or distinctly different channels. This is a topic of
scme controversey in the literature, and we do not as yet have data to
distinguish between these two possibilities.

Nevertheless, we explored the action of NE, isoproterencl, and 8-br-
cAMP on the most prominent conductance level abserved in our experiments,
the 14 ps chamnel. We have found that the activity of the 14 ps chamnel, as
measured by fractional open time, is increased by the whole-cell application
of either the NE, isoproterencl, or 8-br-cAMP (Figs. 4 and 5). We found
that these agents produced no change in single channel conductance (Fig. 5)
_ but increase either the probability of opening of the channels or the number
of chamnels. This is the first demonstration of an enhancement in activity
of calcium channels in brain, although similar results have been cbtained in
heart muscle. Several questions remain unanswered, such as possible effects
of NE on chamnel kinetics and whether or not the 8 ps and 27 ps chamnels are
also affected by NE. We also need to test the effects of NE on pyramidal
cells. Although preliminary experiments indicate no qualitative differences
(that is, NE appears to enhance calcium channels on pyramidal neurons as
well as gramile neurons), there may be quantitative differences in the
distribution of the three charmel types and/or effects of NE.

c) Develop a preparation enriched in mossy fiber synaptosomes for
electrophysiological and biochemical analyses of neurctransmitter release.
In collaboration with Drs. David Terrian (USAFSAM) and Warren Strittmatter,
we have been developing a preparation enriched in mossy fiber synaptosaomes
fram rat hippocampus for electrophysiological and biochemical analysis of
neurctransmitter release. The following progress has been made:

(1) We have successfully recorded single chamnels from mossy fiber
synaptosames. The types of channels abserved ard their properties have not
yet been determined. ’memainproblanassociatedwiﬂithese
electrophysiological studies is the difficulty in identifying the mossy
fiber synaptosames in our recording chamber. We are currently exploring
"various fluorescent techniques that should enable us to distinguish the
mossy fiber synaptosames fram cther cellular debris.

(2) Using a fluorametric assay, we have identified a
depolarization and calcium-dependent component of glutamate release fram the
synaptosames. We have also shown that this calcium-dependent camponent is
enhanced by phorbol esters at a step subseguent to calcium entry (see
Fig. 6). We are arrently working to improve the sensitivity, reliability,
ard quantifiability of the assay.




(3) Dr. David Terrian and Dr. Michael Rea (USAFSAM) have developed
a radiojimmmoassay for dynorphin. 'nwyhaveslmtlntﬂxepmparaumis

in a calcium-dependent fashion. This assay is also undergoing same
refinements.

(4) We have measured zinc in various fractions of the preparation
ard have shown that the preparation we are using for electrophysiological
and biochemical analyses is enriched in zinc.

Progress on this supplemental project has been slow but steady and
ing. If this preparation can be successfully developed such that
both the electrophysiological and biochemical analyses of transmitter
release can be investigated in a single class of synaptic terminals, then
the scientific payoff should be significant. We contimue to be very

optimistic.

d) Develop single neuron and milti-neuron coamputer models. We are
contimuing the development of a set of camputer programs that simulate the
elect:rophysiolog:l.czl characteristics of single and groups of hippocampal

neurons. Our program development takes place primarily during the
sumer months, when we hire computer science students from Rice. Iast
sumner, developmental work was done on a program called MUNCH that similates

" the electrophysiological activity of a single neuron. We also initiated the

development of a program called NEIWORK, which simulates the behavior of
groups of synaptically interconnected neurons. -This summer, we hope to use
NETWORK for same simple simulations of hippocampal activity and evaluate
what our next stage of development should be. We also hope to incorporate
more electrophysiological data into both MINCH and NEIWORK to make the
similations as realistic as possible.
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Daniel Johnston
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Apr. 6-10
Apr. 23-24

May 12-16
June 11-13

June 18

June 19-20

June 26
. m- 18-19
Sept. 3-7

September 10

Sept. 22-23

Oct. 22-25

Nov. 9-13

1987

Feb. 11-13

Gave lecture at the University of Texas Health Science Center
in Dallas.

Stan Barber to Masscaomp Users' SOcietymetirgmBostm

Gave lecture ("Noradrenergic modulation of long-term synaptic
potentiation in hippocampus") in Irvine, CA.

Attended Masscamp training course

Attended Neurcbehavioral Research Review Subcamittee Meeting
in washington, DC.

Judy Walker and Ricimond Ansah-Yiadom visited Dr. Terrian's
laboratory in San Antonio.

Dr. Stephen Smith, Dept. of Molecular and Neurcbiology, Howard

" Hughes Institute & Yale Univ. Med. School. Visited, presented ;

lecture on "Transformation of growth cone motility and
structure by intracellular calcium and cyclic AMP." .

Dr. 'nerrian visited the lab.
Baltimore. Spoke at ASPET-SOT.

- Rick Gray presented poster at the Society of General

Physiologists meeting, Woods Hole, Massachusetts.

Dr. Johnston and Richard Gray visited Dr. Terrian's laboratory
in san Antonio

Attended NIDA Technical Review Meeting on Neural Adaptation in
to Intrinsic and Extrinsic Factors: Role in Drug \
Abuse in Rockville, Maryland. '

Attended Second Anmual Symposium on Networks in Brain and
Conmputer Architecture at North Texas State University in
Denton

Attended Neurcbehavioral Research Review Committee in
Washington, DC

Dr. Johnston, Stephen Williams, and William Hopkins (Nov 9-
14) attended the Society for Neuroscience meeting in ;
m’ m i

Attended Neurvbehavioral Research Review Cammittee meeting in ‘
Washington, DC




.Peb, 18-19 Richmond Ansah-Yiadom to San Antonio to visit Dr. Terrian's
labaratary
Feb. 23-24 Attended Biophysical Society meeting in New Orleans
" Feb. 27 Drs. David Terrian and Michael Rea visited the laboratory.
Mar. 12-13 Gave lecture (Functional reconstruction of hippocampal

neurons) at Biomedical Engineering Research Conference in

Houston.

‘Mar, 27 Gave lecture (Cellular mechanisms of epilepsy) to MSTP
students at Baylor.

Mar. 30-31 Dr. David Terrian visited the laboratory.

7. New Disoo\{eries, Inventions, or Patent Applications

None




‘FIGURE LEGENDS

Fig. 1, above. The phenaomenon of LTP measured under voltage-clamp conditions.
A: Mossy fiber synaptic axrents (single sweeps) sampled at four different

. before and 15 minutes after high-frequency stimulation.
The dashed vertical lines correspond to the fixed latencies (5 amd 17 ms
following stimulus artifact) at which synaptic currents were measured. B:
Current-voltage plots for the cell shown in A. Each data point is the mean of
five sweeps. Before tetanic stimulation, the slope conductance for the early
current measurement (5 ms) was 12 nS, and the extrapolated reversal potential
was =34 mV. At 15 mimites following the high-frequency train, the slope
conductance for the early current measurement was 22 nS, ard the extrapolated
reversal potential was -38 mV. The baseline slope conductance for synaptic
current measured at 17 ms was 16 nS and was 17 nS at 15 minutes posttetanus.
The apparent reversal potential for this current changed from -81 mV to -76 mV
over this time period. This experiment was performed in normal saline, and

. the recording pipette contained 2 M potassium methylsulphate. This cell had
an input resistance of 50 megalms and a resting potential of -55 mV.

Fig. 1, below. Summary data fram experiments in which ILTP was measured under
voltage-clamp corditions with intact inhibition in the presence of propranolol

(100 nM). A: Bar graph depicts the percent change in the mossy fiber slope
conductance for the three groups of cells (see text). G_ refers to the mossy .
fiberslopecadxctanceneasmedSnsecafterthestimﬂﬁsartifact. Only the

cells injected with 8-bramo—cAMP and tetanically stimulated demonstrated a
significant increase in G_ as a group. B: Graph indicates the probability of
observingasigrﬁ.fi@ntiﬁcreaseinGs for the three groups of cells.

Fig. 2, above. A comparison of the membrane potential during tetanic
stimilation (100 Hz, 2 sec) in a cell injected with 8-bromo-cAMP (10 mM, top
trace) with a cell injected with 5'-AMP (10 mM, bottom trace). Both cells
were kept at -65 mV in current clamp during the train. The duration of the
high~-frequency train is indicated by the bar under the traces. The cell
injected with 8-bramo—cAMP demonstrated LTP while cell injected with 5'-AMP
did not. Data were cbtained with intact inhibition in the presence of
propranclol (100 nM). The cell injected with 8-bramo-cAMP had an input
resistance of 42 megohms and a resting potential of -54 mV, and the cell
"injected with 5'-AMP had an input resistance of 35 megohms and a resting
potential of -52. mV. The membrane potential was sampled at 100 Hz to obtain
the traces for this figure. '

Fig. 2, below. A camparison of parameters of the depolarization during
tetanic stimilation in the 8-bromo-cAMP-injected cells that displayed LTIP with
the 5'-AMP-injected cells that did not. A: The peak amplitude of the
depolarization during the high-frequency train was significantly greater in
the 8-bramo-injected group. B: The duration of the depolarization during the
train was also significantly greater in the 8-bromo-cAMP-injected group.




Fig. 3. Recordings of single calcium channels. Single chamnel recordings
mmdefzuncell—attaduadpatd:esmgramﬂecellsmthlsowﬁcaaa in
the pipette. leferantvoltagestepsvmgiventothepatdmardme
carrent anmplitudes plotted vs step voltages. The traces on the left depict
exanples of the chamnel openings, and the I-V curves are plotted on the right.
Channel openings representing three different slope conductances have been
cbserved in different patches and sametimes in the same patch. Examples of
the three conductance levels are given in the Figure.

Fig. 4, a. Application of isoproterenol increases the activity of Ca channels
macell-attached patch from a grarule cell. Patch pipettes contained 96 niM
; 100 M 3,4-DAP; 1 M TTX; and 10 mM HEPES; the pH was adjusted to 7.35
w1t112‘I'EA-()I-I The exposed cells were bathed in 140 mM K-aspartate; 20 mM
dextrose 1 MgCl,; 10 mM BGTA; 10 mM HEPES. The pH was adjusted to 7.4 with
-aspai‘tatesalmewasuﬁdtozemthemenbranepctentlalaczoss
thewholecell(seerydcyetal. ). Voltage jumps were applied to the
menbrane patch through the patch electrode, and potentials given refer to the
patch membrane potential. 1, Consecutive traces of chamnel activity in
cmrtmlsalmemr&spmsetostepcamarﬂsfm-looto-mmv. 2, Chamnel
act1v1tymtlwsanepat&QSsafteraSOOnspmsurepalsewasamhedtoa
puffer pipette that was located near the cell body and contained K-aspartate
saline plus 2 M isoproterenol. 3, Plot of the fraction of time during the .
cammand when the current level was more negative than a threshold level
(-0.3 pA) before and after application of isoproterenocl. The threshold was
set at -3 times the standard deviation of the baseline noise calculated from
traces in which no channel activity was visible. Each plotted point is the
average of three traces, and the horizontal lines indicate the means for all
traces before and after drug application. Current traces shown were filtered
at 2 kHz (-3 dB, Bessel response) and sampled at 10 kHz. Calibration bar:
2 pA Xx 10 ms. b. Experiment in which 8-bromo-cAMP was applied in a manner
‘similar to a.

Fig. 5. Single-channel activity at different cammand voltages before and
after isoproterenol. The holding voltage was -100 mV. Patch voltages are
relative to the cell potential, which was near zero in K-aspartate saline.
Data are fram the same patch as that illustrated in Fig. 3a. a, Sample traces
are shown for each of four different command voltages. The major current
level at each cammand voltage is indicated by the dashed line. These data
.were filtered at 1 kHz. b, Same as a, but 400-800 s after a 500 ms pressure
pulse was applied to a puffer pipette containing K-aspartate saline plus 2 M
isoproterencl. Calibration bar: 1 pA x 10 ms. ¢, Plot of major single-
chamnel axrent levels versus patch potential before and after applying
isoproterencl. The slope conductance was 14.5 pS and did not change after
isoproterencl application. d, Plot of fractional open time versus patch
potential before and after 1soproterenol
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Fig. 6. Glutamate release from a preparation of synaptosomes enriched in
mossy fiber temminals. Glutamate release was measured fluorometrically in
response to KC1 stimilation. Plot on left is a dose-response curve for the
effects of a phorbol ester on the glutamate release that occurs with 20 mM
KCl. Plot on right shows glutamate release as a function of KCl with and
without Gd. In other experiments, most of the glutamate that is released has
been found to be calcium-dependent. Calcium channel blockers such as Co have
also been used to demonstrate a calcium~dependent component of release.
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