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Laminar Selectivity of the Cholinergic Suppression of Synaptic
Transmission in Rat Hippocampal Region CA1: Computational
Modeling and Brain Slice Physiology
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ACh may set the dynamics of cortical function to those ap-
propriate for learning new information. In models of the pu-
tative associative memory function of piriform cortex, se-
lective suppression of intrinsic but not afferent fiber synaptic
transmission by ACh prevents recall of previous input from
interfering with the learning of new input (Hasselmo, 1993).
Selective cholinergic suppression may play a similar role in
the hippocampal formation, where Schaffer collateral syn-
apses in stratum radiatum (s. rad) may store associations
between activity in region CA3 and the entorhinal cortex
input to region CA1 terminating in stratum lacunosum-mo-
leculare (s. I-m). A computational model of region CA1 pre-
dicts that for effective associative memory function of the
Schaffer collaterals, cholinergic suppression of synaptic
transmission should be stronger in s. rad than in s. I-m.

In the hippocampal slice preparation, we tested the effect
of the cholinergic agonist carbachol (0.01-500 uM) on syn-
aptic transmission in s. rad and s. I-m. Stimulating and re-
cording electrodes were simultaneously placed in both lay-
ers, allowing analysis of the effect of carbachol on synaptic
potentials in both layers during the same perfusion in each
slice. Carbachol produced a significantly stronger suppres-
sion of stimulus-evoked EPSPs in s. rad than in s. I-m at all
concentrations greater than 1 um. At 100 um, EPSP initial
slopes were suppressed by 89.1 + 3.0% in s. rad, but only
by 40.1 + 4.1% in s. [-m. The muscarinic antagonist atropine
(1 um) blocked cholinergic suppression in both layers. These
data support the hypothesis that synaptic modification of
the Schaffer collaterals may store associations between ac-
tivity in region CA3 and the afferent input to region CA1 from
the entorhinal cortex. In simulations, feedback regulation of
cholinergic modulation based on activity in region CA1 sets
the appropriate dynamics of learning for novel associations,
and recall for familiar associations.
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ACh suppresses excitatory synaptic transmission in many regions
of the cortex, including the piriform cortex (Williams and Con-
stanti, 1988; Hasselmo and Bower, 1992), the dentate gyrus
(Yamamoto and Kawai, 1967; Kahle and Cotman, 1989; Bur-
gard and Sarvey, 1990), region CAl of the hippocampus
(Hounsgaard, 1978; Valentino and Dingledine, 1981; Dutar and
Nicoll, 1988; Blitzer et al., 1990; Sheridan and Sutor, 1990),
and neocortical structures (Brocher et al., 1992). The memory
impairment caused by muscarinic antagonists or lesions of cor-
tical cholinergic innervation (Beatty and Carbone, 1980; Walker
and Olton, 1984; Spencer et al., 1985; Kopelman, 1986; Hagan
and Morris, 1989) may be due to blockade of this cholinergic
suppression. Computational modeling suggests that selective
cholinergic suppression of synaptic transmission may be essen-
tial to associative memory function within cortical structures
(Hasselmo et al., 1992; Hasselmo, 1993, 1994; Hasselmo and
Bower, 1993; Barkai and Hasselmo, 1994b).

Associative memory function involves the learned capacity
for a specific pattern of activity in one population of cortical
neurons to elicit an associated pattern of activity in another
population of cortical neurons (Grossberg, 1970; Anderson, 1972,
1983; Amit, 1988; Kohonen, 1988; Hasselmo et al., 1992; Has-
selmo, 1993, 1994). Learning of these associations is commonly
obtained by strengthening excitatory synapses between neurons
based on concurrent pre- and postsynaptic activity (e.g., the
Hebb rule). However, to prevent recall of previously learned
associations from altering the new association, the modifiable
synapses must not be the predominant influence on postsynaptic
activity during learning (Hasselmo et al., 1992; Hasselmo, 1993).
If modifiable synapses are the predominant influence on post-
synaptic activity during learning, then these synapses undergo
self-organization (Von der Malsburg, 1973; Grossberg, 1976;
Linsker, 1988; Miller et al., 1989; Hasselmo, 1994).

In the piriform (olfactory) cortex (see Fig. 1), ACh selectively
suppresses synaptic transmission at excitatory intrinsic synapses
between pyramidal cells, while having little effect on synaptic
transmission at afferent fibers arising from the olfactory bulb
(Hasseimo and Bower, 1992). In models of piriform cortex (Has-
selmo et al., 1992; Barkai and Hasselmo, 1994a,b; Hasselmo,
1993, 1994), suppression of intrinsic fiber synaptic transmission
during learning prevents the recall of previously stored associ-
ations from interfering with the learning of new associations.
At the same time, the weaker influence on afferent fiber synapses
allows them to undergo self-organization, and to set the pattern
of activity to be learned (Hasseimo, 1994).

These results may apply to cholinergic modulation of memory
function in the hippocampus as well. As shown in Figure 1, the



pyramidal cells of region CAl receive excitatory synaptic input
from different cortical regions in different layers. In the proximal
layer, stratum radiatum (s. rad), these neurons receive excitatory
synapses of the Schaffer collaterals, which arise from region CA3
(see Amaral and Witter, 1989, for review). In the distal layer,
stratum lacunosum-moleculare (s. I-m), these neurons receive
excitatory synapses of the perforant pathway arising from layer
III of the entorhinal cortex (Lorente de No, 1938; Steward, 1976;
Witter et al., 1988). A considerable amount of research has
focused on the possible Hebbian nature of synaptic modification
at the Schafler collaterals (Kelso et al., 1986; Wigstrom et al.,
1986; Gustafsson and Wigstrom, 1988). Some researchers have
proposed that this Hebbian synaptic modification underlies het-
eroassociative memory function at the Schaffer collaterals, al-
lowing these synapses to store associations between the activity
of region CA3 and the afferent input from entorhinal cortex
(Levy, 1989; Eichenbaum and Buckingham, 1990; Levy et al.,
1990; McNaughton, 1991). This could allow the region to per-
form a comparison of the output of region CA3 with the current
afferent input from the entorhinal cortex (Levy, 1989; Eichen-
baum and Buckingham, 1990; Levy et al., 1990). In contrast,
other models have proposed that the Schaffer collaterals undergo
competitive self-organization (Rolls, 1991).

The possible comparison function of region CA1 could allow
activity in this area to reflect the novelty or familiarity of a
pattern of afferent input, and thereby to regulate its own cho-
linergic modulation for the appropriate dynamics of learning or
recall. This comparison function requires that the Schaffer col-
laterals have the capacity to perform effective heteroassociative
memory function, rather than only to undergo self-organization.
The simulations presented here show that if the Schaffer col-
laterals have heteroassociative memory function, this would
require that ACh should suppress synaptic transmission more
strongly in s. rad than in s. I-m. Previous studies have dem-
onstrated a strong cholinergic suppression of synaptic trans-
mission at the Schaffer collateral-CA1 synapse (Hounsgaard,
1978; Valentino and Dingledine, 1981; Dutar and Nicoll, 1988;
Sheridan and Sutor, 1990), but no studies have analyzed the
effects of cholinergic modulation in s. I-m. In the experimental
work presented here, we demonstrate that cholinergic suppres-
sion of synaptic transmission is indeed stronger in stratum ra-
diatum than in stratum lacunosum-moleculare, supporting the
theory of associative memory function at the Schaffer collaterals.

Materials and Methods
Computational modeling

The effect of the cholinergic suppression of synaptic transmission in
stratum radiatum (s. rad) and stratum lacunosum-moleculare (s. l-m)
on the function of region CA1 was explored in a simple computational
simulation. The simulation contained representations of entorhinal cor-
tex layer III and regions CA1 and CA3 of the hippocampus, with ex-
citatory and inhibitory synaptic connectivity and the effects of cholin-
ergic modulation. As shown in Figure 2, the simulation incorporated
both the perforant pathway input from entorhinal cortex, terminating
in stratum lacunosum-moleculare of region CA1, as well as the Schaffer
collateral input from region CA3, terminating in stratum radiatum of
region CA1. These inputs influenced the activity of pyramidal cells in
region CAl.

Simulations evaluated how the cholinergic suppression of synaptic
transmission influenced the self-regulated heteroassociative memory
function of Schaffer collateral synapses. Thus, in these simulations,
activity patterns were induced sequentially in the entorhinal cortex and
region CA3. When the Schaffer collaterals showed effective heteroas-
sociative memory function, they could store associations between the
activity in region CA3 and the coincident activity induced in region
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Figure 1. A, Schematic representation of hippocampal region CAl
showing the laminar segregation of excitatory synapses. Perforant path
fibers from the entorhinal cortex layer Il (EC III) terminate on the
distal dendrites of pyramidal cells in stratum lacunosum-moleculare (s.
I-m). Schaffer collateral axons arising from region CA3 pyramidal cells
terminate on the proximal dendrites of pyramidal cells in stratum ra-
diatum (s. rad). In simulations, selective cholinergic suppression of
Schaffer collaterals allows them to store associations between activity
in region CA3 and the input from entorhinal cortex. Cholinergic sup-
pression of synaptic transmission at the Schaffer collaterals has been
demonstrated (ACh), but cholinergic suppression of synaptic transmis-
sion at the perforant path synapses in s. 1-m has not been studied pre-
viously (No ACh?). B, Schematic representation of the piriform cortex
showing laminar segregation of excitatory synapses. Afferent fibers from
the olfactory bulb (OB) terminate in layer la, while intrinsic and as-
sociation fibers arising from cortical pyramidal cells terminate in layer
1b. Cholinergic suppression of synaptic transmission in layer 1b (4Ch)
but not layer 1a (No ACh) has been demonstrated previously (Hasselmo
and Bower, 1992, 1993).

CAL1 by input from the entorhinal cortex. The recall of these associations
could be tested by inducing activity in region CA3 alone and evaluating
how closely the activity spreading into region CA1l resembled the ac-
tivity previously provided by input from the entorhinal cortex.

Most previous models of autoassociative and heteroassociative mem-
ory function externally set the dynamics appropriate for learning or
recall within the network (Anderson, 1972; Hopfield, 1984; Amit, 1988;
Kohonen, 1988). In the simulations presented here, however, the dy-
namics of learning and recall were determined entirely by internal self-
regulation of cholinergic modulation. Thus, when the sequence of pat-
terns was presented, the network could respond with appropriate dy-
namics for learning or recall. When the pattern pair was novel, cholin-
ergic modulation remained high, allowing appropriate dynamics for
learning. When the pattern pair was familiar, the output of the network
decreased cholinergic modulation, thereby setting appropriate dynamics
for recall. Thus, the testing of heteroassociative memory function did
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Figure 2. Schematic representation of the simulation of region CAl.
The membrane potential of CA1 pyramidal cells 4,4, is influenced by
excitatory input from entorhinal cortex (EC) via synapses of the per-
forant pathin s. I-m (L;) and from region CA3 via synapses of the
Schaffer collaterals in s. rad (R,). In addition, these neurons are influ-
enced by feedforward inhibition activated by entorhinal input and by
CA3 input as well as feedback inhibition triggered by the output of other
CA1 neurons (see Materials and Methods). Cholinergic suppression of
synaptic transmission due to ACh released from neurons of the medial
septum and vertical limb of the diagonal band of Broca is represented
by (I —¢C))ins. l-m (L) and by (I — ¢C,)ins. rad (R,). The summed
output of region CA1 [Zg(cA,a)] decreases the level of cholinergic mod-
ulation from the medial septum. This allows feedback regulation of
cholinergic modulation by region CA1 to determine directly when it is
in a state of learning and when it is in a state of recall (see Materials
and Methods).

not involve a separate stage of testing recall, but could be performed
by presenting only the CA3 component of previously learned pattern
pairs.

Spread of activity

In the model, an activation variable (@) represented the depolarization
of the membrane potential of each pyramidal cell from resting potentjal.
This variable was influenced by the sum of excitatory and inhibitory
synaptic inputs,

cmat+ 1) = 2 (Llj - EcHi/)‘g(ECaj(t))
+ 2 (R — casHi)glcasan(d)

- 2 carllyglcaia/®)), 6

where ,,4; represents the activity of neuron i in region CA1l, ¢.a; rep-
resents the activity of neuron j in entorhinal cortex, and .,,a, represents
the activity of neuron k in region CA3, as shown in Figure 2. The input/

output function g(.) was a nonlinear threshold function with the follow-
ing characteristics: for pca, — 8 > 0, g(eca) = pca; — 0; for cq; — 0 <
0, g(zca;) = 0. The threshold  was set at0.4 for region CA 1. L, represents
the strength of each synapse in stratum lacunosum-moleculare from
neuron j in entorhinal cortex to neuron / in region CAl, as shown in
Figure 2. R, represents the strength of each synapse in stratum radiatum
from neuron k in region CA3 to neuron i in region CAl.

For clarity in the examples showing heteroassociative memory func-
tion, the synaptic connectivity matrix in s. I-m (L,) was assumed to
consist of the identity matrix, such that the activity in entorhinal cortex
spread to the CAl pyramidal cells without a change in pattern. In
additional simulations, the L, matrix started with random initial con-
nectivity, allowing more complex transformations of entorhinal cortex
output to be formed by self-organization of the synapses in s. I-m. In
keeping with physiological evidence showing that synapses in s. I-m
have a much weaker influence than synapses in s. rad (Andersen et al.,
1966; Doller and Weight, 1982; Yeckel and Berger, 1990; Colbert and
Levy, 1992), each synapse in s. I-m had a total strength of 0.4 in sim-
ulations of pure heteroassociative memory function. Since L, was the
identity matrix in these simulations, the total input to each CA1 neuron
from s. I-m was therefore 0.4. In contrast, the synaptic connectivity
matrix in s. rad (R,) started with random initial connection strengths
with a mean of 0.157, giving an average initial input of 6+0.157 = 0.942
for patterns in which six neurons in region CA3 had output 1.0. Synapses
of R, could not be weaker than 0.1 or stronger than 0.5. This difference
in strength of synaptic input partly results from the greater distance
from the cell body of synapses in s. I-m versus synapses in s. rad.
However, analysis of the exact role of the laminar segregation of these
synaptic influences will require more detailed biophysical simulations.

In Equation 1, ¢H; represents feedforward inhibition mediated by
interneurons of s. I-m (Lacaille et al., 1988) activated by perforant path
synapses, ca;H, represents feedforward inhibition in region CAl due
to activity of the Schaffer collaterals from region CA3, and ., H, rep-
resents feedback inhibition within region CAl. Each inhibitory con-
nectivity matrix was uniform, with individual components of strength
0.1. In some cases, inhibition could induce oscillatory activity within
the simulation. In more complex simulations of cortical structures, in-
hibitory influences with different time constants can induce oscillations
with peaks in the power spectra resembling those observed in EEG
recordings (Traub et al., 1992; Wilson and Bower, 1992; Liljenstrom
and Hasselmo, 1993). However, the simplified simulation presented
here does not systematically attempt to replicate the broad range of
evidence for f-type oscillations in the hippocampal formation (Bland
and Colom, 1993). Accurate replication of such oscillations will require
development of more detailed simulations of region CAl similar to
those developed for piriform cortex (Wilson and Bower, 1992; Barkai
and Hasselmo, 1994a,b; Liljenstrom and Hasselmo, 1993) and region
CA3 (Traub et al., 1992).

Synaptic modification

The strengths of individual synapses were modified according to a learn-
ing rule with a Hebbian component allowing synapses to grow dependent
upon coincident pre- and postsynaptic activity. Long-term potentiation
with Hebbian properties has been described in s. rad of region CAl
(Kelso et al., 1986; Wigstrom et al., 1986; Gustafsson and Wigstrom,
1988). Levy and Colbert (1992) have shown that responses to Schaffer
collateral stimulation can be associatively potentiated with stimulation
in s. I-m. In the simulation, the synapses also undergo a decay propor-
tional to both postsynaptic activity and the strength of the synapse. A
learning rule of this sort has been suggested previously on the basis of
experimental data (Levy et al., 1990) and for stability during learning
in analytical descriptions (Grossberg, 1976). While long-term potentia-
tion has been demonstrated in s. I-m (Levy and Colbert, 1992), these
synapses were not modified in the simulations presented here. In other
simulations, modification of these synapses allowed them to undergo
self-organization, thereby altering the representation of entorhinal cor-
tex input in region CAl. The learning rule took the following form for
synapses in s. rad (R,):

Ryt + 1) = nl(caradt) — 0)+glcasai(t))

= #earal®) — 0)-Ry(0)] + Ry(0) @

As reflected in the notation, the modification threshold 6 took the same
value as the output threshold, that is, 0.4. The gain of the learning rule,
n, was set at 1.0 for simulations, while the coefficient of the decay of



synaptic strength, u, was set at 0.04. In simulations of pure heteroas-
sociative memory function, synapses in s. 1-m were not modifiable.

Cholinergic modulation

The model contained representations of the physiological effects of ace-
tylcholine within hippocampal region CA1, as well as a representation
of the feedback regulation of the cholinergic modulation of this region.
Note that these effects of cholinergic modulation are applied in a diffuse
manner throughout the simulation, in keeping with the broadly distrib-
uted nature of the cholinergic innervation of the hippocampus arising
from the medial septum and the vertical limb of the diagonal band of
Broca (Frotscher and Leranth, 1985; Gaykema et al., 1990), and evi-
dence in neocortical structures supporting the possibility of volume
transmission (Umbriaco et al., 1992). Four different effects of acetyl-
choline demonstrated in experimental work were incorporated as fol-
lows.

Cholinergic suppression of synaptic transmission. Previous experi-
mental work has demonstrated cholinergic suppression of synaptic
transmission in s. rad. (Hounsgaard, 1978; Valentino and Dingledine,
1981; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990), but the effects
of cholinergic modulation on synaptic transmission in s. I-m have been
explored only in the experiments presented here. In the simulation, the
amount of cholinergic suppression of synaptic transmission was rep-
resented by the constants C, for maximal suppression in s. I-m and C,
for maximal suppression in s. rad, as shown in Figure 2. The feedback
regulation of cholinergic modulation described below could cause sup-
pression to go to values lower than these maximal values during the
simulation. Thus, the maximal suppression (C,, C,;) means the per-
centage decrease in synaptic transmission in either layer during maxi-
mum cholinergic modulation (¢ = 1 as described in Eq. 3 below). The
maximal suppression parameters were varied extensively between 0 and
1 in simulations (e.g., see Figs. 4-7) to explore the effect of different
amounts of cholinergic suppression of synaptic transmission.

Cholinergic suppression of neuronal adaptation. Experimental work
has demonstrated that cholinergic modulation increases the excitability
of neurons in region CAl due to suppression of voltage- and calcium-
dependent potassium currents underlying adaptation (Benardo and
Prince, 1982; Madison and Nicoll, 1984; Madison et al., 1987). Char-
acterization of effects of this type in the piriform cortex (Barkai and
Hasselmo, 1994a) shows that cholinergic modulation does not appear
to change the threshold of the initial response of neurons to excitatory
stimulation, but changes the threshold of the adapted response of neu-
rons. This is approximated in the present simulations by decreasing the
output threshold f proportional to the amount of cholinergic modulation
(with a maximum decrease of C, = 0.64 in all simulations shown here).

Cholinergic enhancement of synaptic modification. Experimental work
has demonstrated an enhancement of synaptic modification in hippo-
campal region CAl in the presence of cholinergic modulation (Burgard
and Sarvey, 1989; Blitzer et al., 1990; Huerta and Lisman, 1993), pos-
sibly due to influences of cholinergic modulation on NMDA currents
(Markram and Segal, 1991). This enhancement of synaptic modification
by cholinergic modulation has been incorporated as a decrease in the
threshold of synaptic modification (with a maximum decrease of C, =
0.64 in all simulations shown here), and an increase in the coefficient
of learning (as described in Eq. 5).

Cholinergic suppression of inhibitory synaptic transmission. Experi-
mental evidence suggests that cholinergic modulation simultaneously
activates inhibitory interneurons and decreases inhibitory synaptic
transmission (Pitler and Alger, 1992). In an attempt to represent the
net effect of this modulation, the level of feedforward and feedback
inhibition within the model was suppressed proportional to the level of
cholinergic modulation, with a maximum decrease of C,, = 0.8 for all
types of inhibition in all simulations shown here. While the values for
cholinergic suppression of excitatory synaptic transmission were varied
extensively, the other parameters for maximal effects of cholinergic
modulation were kept at the same value in these simulations.

Feedback regulation of cholinergic modulation. As a first approxi-
mation of the feedback regulation of the activity of cholinergic neurons
in the medial septum and vertical limb of the diagonal band of Broca,
the level of cholinergic modulation was decreased proportional to
summed activity in region CA1. Activity in the medial septum has been
shown to be inhibited by stimulation of the fimbria, which presumably
activates efferent fibers from the hippocampus (McLennan and Miller,
1974a,b). In these simulations, the amount of activity of cholinergic
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neurons in the medial septum and diagonal band was computed in the
following form:

Y= |:1 + exp<g<$ glear@) — V))J » )]

where ¥ represents the level of acetylcholine released within hippocam-
pal region CAl. This equation shows that as the summed output of
pyramidal neurons in region CAl increases, the level of cholinergic
modulation decreases. The equation approaches maximum value when
there is little or no CAl output, decreases to half strength when the
summed output is equal to the threshold v (set here at 3.0), and ap-
proaches 0 as the summed output becomes large. The slope of this
function is determined by the gain term & (set here at 2.0).

In summary, with cholinergic modulation included, the output func-
tion of individual neurons took the following form: for gcq; — (1 —
vC,)0 > 0, g(Ecaj_) =gty = (1 = YC)«b; for gea; — (1 — 89C,)0 < 0,
8(cq) = 0.

With cholinergic modulation, the activation equation took the form

cemadt + 1) = Z {1 = y¢CHL; — (1 — ¥Cy)H 1+ g(ecaft)
+ 2 [(1 - ‘I/CR)R:k - (1 - wCH)Hik] 'g(CAsak(l))

= 3 (1~ VCHrglen ) @

For example, when there was no region CA1 output, feedback regu-
lation allowed acetylcholine to approach a maximum level (¢ = 1). In
this case, when maximal suppression in s. rad was 0.8 (C, = 0.8), then
synaptic transmission at the synapses R, would decrease to just over
0.2 of their normal value (1 — yC, = 0.2).

With cholinergic modulation, the learning rule takes the form

Ryt + D =n(l — C, +¢C)
*[(caradt) — (1 = ¢C)0)glcasa(®)
~ lema () — (1 = ¢C)O-R. (] + R (0). (5)

Presentation of input patterns

The capability of the network to display heteroassociative memory for
different pairs of overlapping input patterns was studied. A small sim-
ulation was provided as an example (see Figs. 4, 5) of the learning of
two pairs of input patterns. More extensive analysis was performed for
a larger simulation examining the learning of five pairs of overlapping
patterns (see Figs. 6, 7). For the large simulation, each pair involved
simultaneous induction of (1) a specific pattern of activity in region
CA3 (ca3a;) containing six active neurons and (2) a specific associated
pattern of activity in the entorhinal cortex (;cq,) containing six active
neurons. The activity in entorhinal cortex influenced activity in region
CALl via the synapses of s. I-m (L;) and the activity in region CA3
influenced region CA1 activity via the synapses of s. rad (R,). Each
entorhinal cortex pattern was presented in conjunction with one region
CA3 pattern for a set number of simulation steps. After this set number
of simulation steps, the presentation of the input pattern pair was halted,
and another input pattern pair was presented. Different input pattern
pairs were presented sequentially in this manner, as illustrated in Figures
4-7, without any external setting of the dynamics of learning or recall.
The internal feedback regulation of cholinergic modulation determined
whether the network learned the pattern pair as new, or responded to
it by recalling previously learned pattern pairs. In addition to simul-
taneous presentation of both input patterns in a pattern pair, during
some simulation steps, the individual components of the input pattern
pairs were presented without the associated pattern in the other region.
Thus, input patterns were presented in three different configurations:
(1) CA3 + EC: patterns of activity induced in both entorhinal cortex
and region CA3; (2) CA3 only: pattern of activity induced in region
CA3 alone; (3) EC only: pattern of activity induced in the entorhinal
cortex alone.

When activity was induced in region CA3 alone, activity would spread
across the synapses of stratum radiatum into region CAl. The activity
that resulted in region CA1 was then compared with the different pat-
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Figure 3. Experimental investigation of laminar differences in the cho-
linergic suppression of synaptic transmission in brain slice preparations
of region CA1. Stimulating (Stim.) and recording (Rec.) electrodes are
situated among the perforant path (pp) fibers in stratum lacunosum-
moleculare (s. /-m) and among the Schaffer collaterals (sc) (and asso-
ciational fibers) in stratum radiatum (s. rad). Stimulation was delivered
alternately to either fiber layer, allowing analysis of the suppression of
synaptic transmission in the same slice during the same perfusion. sp,
stratum pyramidale; mf, mossy fibers; gr, stratum granulosum; m/, mo-
lecular layer. Broken line indicates location of cut to prevent activation
of dentate gyrus molecular layer.

terns of activity that had been induced in the entorhinal cortex. Simi-
larity between these patterns of activity was evaluated with a perfor-
mance measure based on normalized dot products. This evaluation of
activity patterns was performed across a full range of values for the
maximal cholinergic suppression of synaptic transmission in s. 1-m and
s. rad.

Performance measure— normalized dot product

The function of the network was evaluated using a performance measure
consisting of the computation of a normalized dot product between the
output pattern A4 in region CA1 and the target pattern B corresponding
to the associated input to CAl from the entorhinal cortex (EC). For
patterns 4 and B, the normalized dot product takes the form

AeRB zl: A;B,

IANIBI . /2 -
>4 > B
i=1 i=1

The normalized dot product is equivalent to the cosine of the angle
between the two vectors described by the two different patterns of ac-
tivity. Thus, as the pattern of output in region CAl becomes more
similar to the target input pattern from EC, the normalized dot product
goes to 1, and as the patterns of activity become completely nonover-
lapping, the normalized dot product goes to 0. This measure has been
used previously to evaluate the function of simulations (Kohonen, 1988).

The performance measure was further modified to ensure that it ac-
counted for the discriminability of different patterns of activity. In some
cases, if the activity in region CA1l contained elements of all entorhinal
cortex patterns, the normalized dot product with undesired patterns
could be quite large. To measure whether the network was recalling one
pattern well without recalling elements of other learned patterns, the
normalized dot product of region CA1 activity A with all other stored
patterns C; was subtracted from the normalized dot product of 4 with
the desired pattern B, as follows:

AeB 1 Ae(C
= = 7
l4niBl M ) 411Gl o

i=1

©®

When no activity was elicited in region CAl, this measure was 0. When

activity in region CA3 elicited activity in region CAl that overlapped
strongly with the previously associated pattern in entorhinal cortex,
without overlapping with other patterns, this performance measure would
increase toward 1. When activity in region CA3 elicited CAl activity
resembling all the patterns of entorhinal cortex activity, the performance
measure went back to 0. This performance measure has been used in
previous simulations (Hasselmo et al., 1992; Hasselmo, 1994).

Brain slice physiology

The computational modeling presented above generated a specific pre-
diction about the relative magnitude of the cholinergic suppression of
synaptic transmission in s. I-m and s. rad. This prediction was tested
in brain slice preparations of rat hippocampal region CA1l (Fig. 3) by
analysis of the influence of the cholinergic agonist carbachol on synaptic
potentials elicited by stimulation of s. 1-m and s. rad. These experiments
utilized techniques developed for the comparison of s. 1-m and s. rad
synaptic potentials in slice preparations (Colbert and Levy, 1992).

Slice preparations

Brain slices were prepared from 37 female albino Sprague-Dawley rats
(Charles River Breeders, Inc.), 5-10 weeks of age, following techniques
used in previous studies (Hasselmo and Bower, 1991, 1992; Barkai and
Hasselmo, 1994a). After anesthetization with halothane, the rats were
decapitated, and the brains were removed and immersed in chilled (4—
6°C), oxygenated, artificial cerebrospinal fluid (ACSF) with the following
ionic composition (in mm): NaHCO,, 26; NaCl, 124; KCl, 2.5; KH,PO,,
1.2; CaCl,, 2.4; MgSO,, 1.3; and glucose, 10. The hippocampus was
removed in a manner similar to that described previously (Alger et al.,
1984). Slices 400 um thick were cut transverse to the septotemporal
axis using a Stoelting tissue chopper. Slices were transferred to vials of
ACSF continuously bubbled with a 95% O,/5% CO, mixture for at least
1 hr.

Slices were placed on a nylon mesh in a standard submersion-type
slice chamber perfused with ACSF (36 = 1.0°C) at 4 ml/min. Slices
were cut along the hippocampal fissure (between the dentate gyrus and
region CA1) as described in previous research on s. 1-m (Colbert and
Levy, 1992a,b; Levy and Colbert, 1992) to prevent responses from being
evoked in the dentate gyrus and interfering with the responses recorded
in s.1-m (see Fig. 3). Slices were transilluminated to allow visually guided
placement of stimulating and recording electrodes in both s. rad. and
s. I-m. Recording electrodes were glass micropipettes filled with 3 M
NaCl solution. Bipolar stimulating electrodes consisted of twisted strands
of Teflon-insulated 0.002-inch-diameter platinum-iridium wire (A-M
Systems, Inc.).

Stimulation protocol

Stimulation and recording of synaptic potentials was performed in both
s. I-m and s. rad of a given slice during perfusion of carbachol, in order
to control for the given conditions of the particular trial. Thus, each
data point for s. I-m has a counterpart for s. rad. A stimulating electrode
was placed in each layer with a recording electrode about 300 pm or-
thodromic to it. Electrodes were positioned as illustrated in Figure 3.
In s. rad, the stimulating electrode was placed among the Schaffer col-
laterals at the center of the CA1 region, approximately midway between
the pyramidal cell layer and the superficial border of s. I-m (both of
which are salient visual features). In s. 1-m, the stimulating electrode
was placed among the perforant path fibers toward the more distal half
of s. I-m (closer to the hippocampal fissure), in order to minimize the
possibility of stimulating adjacent s. rad fibers. EPSPs were required to
have a minimum amplitude of 0.3 mV, without signs of a population
spike.

Stimulus pulses were delivered under control of a Neurodata PG4000
digital stimulator. The stimulus pulses had a duration of 0.02 msec and
were delivered at 5 sec intervals alternating between the two layers (each
layer receiving stimulation every 10 sec). Evoked potentials were am-
plified using a custom-built extracellular amplifier and recorded using
custom-written software on a Gateway 2000 386SX computer. Averages
of 10 successive digitized traces in a given layer were used in data
analysis. In some cases, stimulus intensity was lowered during perfusion
of bicuculline to prevent population spikes. Otherwise, stimulation am-
plitude and electrode placement were kept constant for the duration of
an experiment.

A given preparation was considered stable when the amplitude of the
EPSP did not change for at least a 10 min period. At this point, the



perfusion bath was switched to a drug-containing ACSF solution. All
drugs were obtained from Sigma Chemicals (St. Louis, MO). EPSPs
were verified using a solution with low calcium (200 uM CaCl,, 8 mm
MgSO,) or TTX (! mm solution administered directly).

Drug perfusions

Allexperiments were carried out in the presence of 20 um (—)-bicuculline
methiodide, in order to block the effect of GABAergic inhibitory inter-
neurons. This technique was employed in previous studies of synaptic
transmission in s. I-m in CA1 by Colbert and Levy (1992a,b). This layer
contains a significant number of feedforward inhibitory interneurons
that run parallel to the perforant path fibers, and are stimulated si-
multaneously with them (Kunkel et al., 1988; Lacaille and Schwartz-
kroin, 1988). The evoked activity in these fibers results in an IPSP in
the CA1 pyramidal cell dendrites in close temporal conjunction with
the perforant path synaptic activation (Kunkel et al., 1988; Lacaille and
Schwartzkroin, 1988), thereby obscuring the true height of the EPSP.
Colbert and Levy (1992b) report that this GABA, inhibition strongly
suppresses the EPSP evoked by perforant path stimulation, and that 20
uM bicuculline antagonizes the inhibition and can even cause CAl py-
ramidal cell firing in response to perforant path stimulation. In order
to analyze more clearly the effects of carbachol on the perforant path
EPSPs, the inhibitory (GABA ,-mediated) responses were silenced. Un-
less mentioned otherwise, all solutions contained bicuculline.

The acetylcholine agonist carbachol (carbamyl choline chloride) was
tested on slices in concentrations of 0.01, 0.1, 1.0, 10, 100, and 500 um.
After stable baseline synaptic potentials had been obtained in both layers
in control conditions, perfusion with the carbachol solution was initi-
ated. Once carbachol reached its peak effect, the perfusion bath was
switched back to the normal ACSF (20 uM bicuculline) in order to begin
a washout period and remove the carbachol from the perfusant. Car-
bachol was considered to have reached its peak effect when the (altered)
size of the EPSP remained stable for at least 3 min following the onset
of drug perfusion, or no effect was observed for 10 min. A slice was
never tested at the same drug concentration more than once, but some
slices were tested at different concentrations in calculation of the dose-
response plot.

Several slices tested at 100 um carbachol were also perfused with 1.0
uM atropine, in order to assess the subtype of cholinergic receptor in-
volved in mediating the cholinergic effects. In these experiments, the
slice was first perfused with 100 uM carbachol, washed to a stable po-
tential, and then perfused with the atropine solution for 10 min. After
the atropine perfusion, the slice was perfused with a 100 um carbachol
solution that contained 1.0 um atropine for at least 5 min. EPSPs were
recorded once they had stabilized during each period.

Data analysis

Extracellularly recorded signals were digitized for measurement of the
exact value for the peak negative deflections of both the fiber volley and
the EPSP of a given trace by manual placement of a cursor. In addition,
the initial slope of each potential was calculated. The exact range used
for slope calculation was manually selected as that between 25% and
75% of the EPSP amplitude, the region for which the slope was essen-
tially linear. Both the EPSP slope and amplitude were evaluated in
interpreting the effects of the particular perfusants on synaptic trans-
mission.

Results

Computational modeling of region CA1

The simulation of region CA1 demonstrated that effective het-
eroassociative learning depended on selective cholinergic sup-
pression of synaptic transmission in s. rad, with weaker sup-
pression or no suppression in s. I-m (Figs. 4-7). The simulation
showed the capability to sequentially learn or recall pairs of
activity patterns arriving from region CA3 and the entorhinal
cortex. Internal feedback regulation of cholinergic modulation
within the simulation allowed the network to respond to un-
familiar pattern pairs with dynamics appropriate for learning,
while responding to familiar pattern pairs with dynamics ap-
propriate for recall. When presented with input in region CA3
alone, the network showed the capacity to recall the previously
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Figure 4. Strong cholinergic suppression in s. rad (Cr = 0.8) coupled
with no cholinergic suppression in s. [-m (C, = 0.0) allows effective
heteroassociative memory function in the simulation of region CAl.
Neuronal output is shown across 60 simulation steps during sequential
presentation of pairs of input patterns to a simple network with three
neurons in each region. The center column shows the output of each of
the three neurons in region CA3, in region CAl, and in the entorhinal
cortex (EC). Size of black squares indicates magnitude of output. In the
left column, the level of cholinergic suppression of synaptic transmission
in s. rad is shown to vary between 0.8 and 0.0 depending upon feedback
regulation from CA1 output. In the right column, the pair number for
the input patterns is shown, along with an indication of which com-
ponents of each pair are being presented. In steps 0—4, presentation of
the CA3 portion of pair 1 elicits no activity in region CAl, and cholin-
ergic suppression remains strong. In szeps 5-9, presentation of both the
CA3 and EC portion of pair 1 elicits activity in region CAl, causing
strengthening of synapses in s. rad and a decrease in cholinergic mod-
ulation as the association is learned. In steps 10—14, presentation of the
CA3 portion alone now causes a decrease in cholinergic suppression,
allowing recall of the activity in CAl previously induced by the asso-
ciated input from EC. Note that during presentation of a second pair
in steps 30-34, cholinergic suppression initially remains high, allowing
the network to learn the new association without interference from the
previous association (see Results for further description).

associated pattern of input from entorhinal cortex. As shown
in Figure 7, computation of the performance measure in the
network at a range of magnitudes of the maximal cholinergic
suppression of synaptic transmission in s. I-m and s. rad showed
that the most effective learning occurred with strong suppression
of synaptic transmission in s. rad (C, between 0.575 and 0.8)
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and weak or no suppression of synaptic transmission in s. I-m
(C,, between 0.0 and 0.425).

Sequential heteroassociative learning of activity patterns

Selective cholinergic suppression of synaptic transmission in s.
rad but not in s. I-m allowed the simulations to show effective
heteroassociative memory function. As a simple example of the
function of the network, Figure 4 illustrates the heteroassocia-
tive learning of activity patterns in a network with three neurons
in each region. The center column of the figure shows the output
of the three neurons in region CA3, in region CAl, and in the
entorhinal cortex (EC) during each simulation step. The size of
black squares represents the magnitude of the output of the
neuron for that simulation step. As labeled on the right, the
network was presented with different components of two pairs
of input patterns. On the left, the magnitude of the cholinergic
suppression of s. rad synapses is shown (ACh = yC;). The
maximal magnitude of cholinergic suppression in s. rad was Cy
= 0.8 (allowing 20% of normal synaptic transmission strength).
This magnitude changed in response to feedback regulation from
region CAl as described above. The maximal magnitude of
cholinergic suppression in s. 1-m was C, = 0.0. Thus, suppression
was much stronger in s. rad than s. I-m. (The size of this smaller
example simulation required some differences in simulation pa-
rameters: [, =025, H, =02, H,=033,7=2,u=02,f=
3, v=1,max R, = 1.2, min R, = 0.05.) The activity of the
example shown in Figure 4 will be discussed for each set of
simulation steps.

Steps 0—4. In the first five simulation steps, the network was
presented with only the CA3 portion of pattern pair 1. This
caused two neurons in region CA3 to show output, but the
cholinergic suppression of synapses with random initial con-
nectivity in s. rad prevented this output from causing activity
in region CAl.

Steps 5-9. In the next five simulation steps, both portions of
pattern pair 1 were presented, causing two neurons in region
CA3 and two neurons in entorhinal cortex to show output. The
input from entorhinal cortex brings two neurons in region CAl
up around firing threshold, and the input from region CA3 is
sufficient to cause some output. Since L, was the identity matrix,
these two neurons matched the pattern of activity in EC. The
learning rule then increased the strength of the R, synapses
between the active neurons in region CA3 and the active neurons
in region CA1. As the strength of these synapses increased, they
increased the output of region CA1l, until the CAl output was
sufficient to decrease cholinergic modulation (). As cholinergic
modulation decreased, the suppression of s. rad was removed,
allowing strong output in region CAl,

Steps 10-14. The network was again presented with only the
CA3 portion of pattern pair 1. Previously, this was insufficient
to activate neurons in region CA1, but after the learning in steps
5-9 the strengthened synapses matched the activity in CA3 and
were able to activate the associated activity pattern in region
CAl. This initial input was sufficient to decrease cholinergic
modulation, allowing the network to recall the previously as-
sociated pattern of entorhinal cortex activity.

Steps 15-19. Here the network was presented with only the
EC portion of pattern pair 1. Since the s. 1-m synapses were
weak and there was strong feedforward inhibition, this input
alone only moderately activated the neurons in region CAl,
causing insufficient -activity to decrease the cholinergic modu-
lation. Thus, the simulation showed the same weak influence

of s. I-m inputs on CA1 pyramidal cell activity as demonstrated
in physiological experiments (Andersen et al., 1966; Yeckel and
Berger, 1990; Colbert and Levy, 1992), but showed that even
this weak input could be an important guiding influence when
combined with input from CA3.

Steps 20-24. Repeated presentation of both components of
pattern pair 1 showed that once the network had learned a
pattern pair, it responded to that pattern pair as familiar. Note
that cholinergic modulation was immediately turned off in re-
sponse to this repeated presentation, allowing appropriate dy-
namics for recall.

Steps 25-29. The network did not perform recall in response
to an unfamiliar pattern. Here, the CA3 portion of pattern pair
2 was presented. Although this CA3 activity overlapped with
the CA3 activity of pattern pair 1, it did not sufficiently activate
neurons in region CAl. Cholinergic modulation stayed high,
and the network did not perform recall.

Steps 30-34. Presentation of both components of pattern pair
2 allowed learning of this pattern pair. Here selective cholinergic
suppression of synaptic transmission was particularly important
for associative memory function. Initially, for this unfamiliar
pattern, cholinergic suppression of s. rad was high. This de-
creased the spread of activity across previously modified syn-
apses in s. rad, allowing the input from entorhinal cortex to
determine the pattern of activity. As the synapses of s. rad were
strengthened, greater output in region CA1 decreased the cho-
linergic modulation, allowing greater activity. Thus, cholinergic
suppression in s. rad prevented possible interference from pre-
vious associations until the new information was learned ac-
curately.

Steps 35-39. After learning of pattern pair 2, presentation of
the CA3 portion of the previously learned pattern pair 1 directly
evoked the previously associated pattern of EC input.

Steps 40-44. Subsequent presentation of the CA3 portion of
pattern pair 2 evoked the associated pattern of EC input for
pattern pair 2.

Steps 45-49. Presentation of only the EC portion of pattern
pair 2 caused little output from the pyramidal cells of region
CAl.

Steps 50-54. Presentation of the familiar pattern pair 2 im-
mediately suppressed cholinergic modulation, decreasing learn-
ing in response to this familiar pattern pair.

Steps 55-59. Presentation of the familiar pattern pair 1 also
suppressed cholinergic modulation. At this point, it could be
said that the network recognized the two learned input pattern
pairs.

Feedback regulation of selective cholinergic suppression for
learning and recall

As shown in Figure 4, feedback regulation of cholinergic mod-
ulation allowed the network to internally determine appropriate
dynamics for learning or for recall. If the pattern presented to
region CA3 was part of a previously learned pattern pair, then
the initial response in region CAl would be strong, decreasing
cholinergic modulation and allowing strong recall of the pre-
viously associated pattern of activity. If the pattern presented
to region CA3 was not part of a previously learned pattern pair,
then the initial response in region CAl would be weak, and
cholinergic modulation would maintain the appropriate dynam-
ics for learning the new pattern until sufficient synaptic modi-
fication allowed the network to shut down cholinergic modu-
lation.



The laminar selectivity of the cholinergic suppression of syn-
aptic transmission was important for setting the appropriate
dynamics for learning and recall. As shown in Figure 4, with
strong cholinergic suppression of synaptic transmission in s. rad,
the pattern of activity in entorhinal cortex set the pattern of
postsynaptic activity in region CAl, while the presynaptic ac-
tivity at connections R, was determined by the pattern in region
CA3. For unfamiliar pattern pairs, this allowed clean storage of
an association between the individual pairs of patterns. When
the pattern presented was familiar, suppression of synaptic
transmission was decreased by feedback regulation, and pre-
sentation of patterns of activity to region CA3 elicited the as-
sociated pattern of activity in region CA1 with little interference
from other associations.

Different relative magnitudes of cholinergic suppression caused
problems with performance, as shown in Figure 5 for the initial
part of the same pattern sequence presented in Figure 4. Figure
54 illustrates the breakdown of function with weak cholinergic
suppression of synaptic transmission in s. rad (C, = 0.4) coupled
with no suppression of synaptic transmission in s. I-m (C, =
0.0). With weak cholinergic suppression of synaptic transmis-
sion in s. rad, synaptic transmission at the Schaffer collaterals
altered the pattern of postsynaptic activity in region CAl, al-
tering the pattern determined by entorhinal cortex input. This
recall of previously stored associations during learning of new

patterns caused the network to show poorer performance. Effects-

at individual simulation steps are discussed below.

Steps 0—4. With weak cholinergic suppression of synaptic
transmission in s. rad, presentation of the CA3 portion of pattern
pair 1 caused activity to immediately spread along the synapses
into region CAl. Since these synapses had random initial con-
nectivity, they induced a random, distributed pattern of activity
in region CAl. Synaptic modification then strengthened an as-
sociation between this activity and the activity in region CA3.
(Here s. rad synapses are the predominant influence on post-
synaptic activity, thereby causing them to undergo self-orga-
nization.)

Steps 5-9. Subsequent presentation of both portions of pattern
pair 1 could not set the pattern of activity in CAl to the EC
input.

Steps 10-14. Even after presentation of both components of
the pattern, presentation of the CA3 component activated region
CAl in a distributed manner.

Steps 15-34. Similar difficulties occurred during subsequent
simulation steps.

Figure 5B shows the breakdown in function with strong cho-
linergic suppression in s. I-m (C, = 0.8) along with strong cho-
linergic suppression in s. rad (Cr = 0.8). Here the synaptic
transmission in s. I-m was not sufficiently strong to guide the
learning of associations in region CAl.

Steps 0—4. With strong cholinergic suppression of synaptic
transmission in s. rad, presentation of the CA3 portion of pattern
pair 1 did not induce activity in CAl.

Steps 5-9. In contrast to Figure 4, even when both portions
of pattern pair 1 were presented, cholinergic suppression in both
s. I-m and s. rad prevented sufficient activity from developing
in region CAl. In this case, very little synaptic modification
occurred, and cholinergic modulation remained strong.

Steps 10-14. Subsequent presentation of the CA3 portion of
pattern pair 1 did not elicit the associated pattern of EC activity.

Steps 15-34. Similar difficulties occurred for subsequent sim-
ulation steps.
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Figure 5. A, Heteroassociative memory function breaks down with
weak cholinergic suppression in s. rad (Cz = 0.4) and no suppression
in s. I-m (C, = 0.0). All other parameters are the same as for the
simulation in Figure 4. Neuron output is shown across 35 simulation
steps during sequential presentation of the same patterns as in Figure
4. Note that weak suppression in s. rad allows synaptic transmission in
s. rad to interfere with effective associative memory function. In steps
0-4, with presentation of the CA3 portion of pair 1, activity spreads
into region CA3, causing synaptic modification and suppression of cho-
linergic modulation, despite the lack of any input to be associated. In
steps 5-9, during presentation of both parts of pair 1, synaptic trans-
mission at previously modified synapses interferes with learning of the
association. Similar interference occurs during presentation of pair 2 in
steps 30-34 (see Results). B, Memory function also breaks down with
strong cholinergic suppression in both s. I-m (C, = 0.8) and s. rad (Cy
= 0.8). In this case, strong suppression in s. l-m prevents activity in EC
from setting the activity to be learned in CAl. In steps 5-9, during
presentation of both parts of pair 1, very little activity is induced in
region CA1, preventing the modification of synapses in s. rad and al-
lowing cholinergic suppression to remain strong (see Results for further
description).

Performance at a range of magnitudes of suppression in s. I-m
and s. rad

Selective cholinergic suppression of synaptic transmission in s.
rad but not s. I-m was essential for effective heteroassociative
memory function in a larger network simulation of region CA1.
This larger simulation contained 30 neurons in each region and
was tested on the storage of five pairs of overlapping input
patterns. These pairs of overlapping input patterns were pre-
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Figure 6. In a larger simulation of region CAl with storage of more

pairs of input patterns, strong cholinergic suppression in s. rad (Cy =
0.8) coupled with no cholinergic suppression in s. I-m (C, = 0.0) still
allows effective heteroassociative memory function. Neuronal output is
shown across 80 simulation steps in a network with 30 neurons in each
region during sequential presentation of five pairs of input patterns with
six active neurons in each pattern. Here the network is presented twice
with each pair of input patterns. As seen in the lefi column (ACh), the
cholinergic suppression of synaptic transmission in s. rad is high during
initial presentation of novel input pattern pairs 1 and 2 and decreases
as these patterns are learned. Subsequent presentation of the familiar
pattern pair 1 decreases cholinergic suppression, allowing recall. Across
subsequent simulation steps, cholinergic modulation increases for pre-
sentation of novel pairs, and is decreased during presentation of familiar
pairs. In the last five presentations, only the CA3 portion of each pattern
pair is presented. In these cases, the network accurately recalls the pre-
viously associated input pattern from entorhinal cortex (EC). Com-
putation of the performance measure for these last five presentations
yields a performance measure of 0.86.

sented sequentially, as shown in Figure 6, with a final evaluation
of recall performance during sequential presentation of only the
CAZ3 portion of each of the five pairs of patterns.

Figure 6 shows the function of the larger simulation with
strong suppression in s. rad (C, = 0.8) and no suppression in s.
I-m (C, = 0.0). The layout of this figure is the same as in Figures
4 and 5, except that each region has a larger number of neurons.
The cholinergic suppression of s. rad is shown on the left. Note

1.0
Performance

Suppression
s.1-m (Cy)

1.0
0

1.
Suppression s. rad ( Cy )

Figure7. Performance measure of heteroassociative memory function
across a full range of levels of the maximal cholinergic suppression of
synaptic transmission in s. l-m (C, = 0.0-1.0) and s. rad (C; = 0.0~
1.0), with 40 levels tested for each layer. Each of the 1600 data points
in this plot represents results from a simulation such as that shown in
Figure 6, with the difference between the simulations being the level of
cholinergic suppression in s. I-m and s. rad. The z-axis shows the value
of the performance measure P computed for each simulation during the
last five presentations (CA3 only), with higher (better) values of P shown
with lighter shading. The magnitude of the maximal suppression of
synaptic transmission is plotted on the x-axis for s. rad and on the y-
axis for s. 1-m. The best performance (P > 0.8) appears with strong
maximal cholinergic suppression in s. rad (C, = 0.575-0.8) and weak
maximal suppression in s. I-m (C, = 0.0-0.425). For low values of C,
(left side, C, < 0.5), interference during learning causes the network to
respond to all CA3 patterns with broadly distributed activity in CAl,
giving low performance values. For high values of C, (bottom portion,
C, > 0.6), insufficient EC input prevents accurate learning of associa-
tions, giving low performance values. For very high values of C, (Cp
> 0.8), suppression of s. rad prevents sufficient activity in CAl to
decrease cholinergic suppression and allow recall. Gray line represents
unity (C, = Cy). White line represents the dose-response plot from
experimental data (Fig. 10) plotted on these coordinates.

that as each new pair of input patterns is presented, the network
responded appropriately dependent upon the novelty or famil-
larity of the pair. For novel patterns, cholinergic suppression
remained high, and the network learned the pattern as a new
association. For familiar patterns, cholinergic suppression de-
creased, and the network recalled the pattern as a previous as-
sociation. At the bottom of the figure, when only the CA3 por-
tion of each pair was presented, the network responded to each
pattern with the associated EC input pattern, with no interfer-
ence between patterns, and only one missing component. The
performance measure was computed for the last five presenta-
tions (CA3 only). For each CA3 input pattern, the normalized
dot product was computed for the activity in region CA1 com-
pared with the previously associated EC input pattern. In ad-
dition, the average normalized dot product of region CAl ac-
tivity with other EC input patterns was subtracted from this
measure. For the magnitudes of cholinergic suppression shown
in Figure 6, the performance measure was 0.86, reflecting the



fact that the network effectively recalled all of the EC input
patterns except for one component in pattern pair 5.

The performance measure was computed across the full range
of magnitudes of cholinergic suppression in s. I-m and in s. rad,
as shown in Figure 7. With the same initial conditions, the
network was tested at magnitudes ranging from 0.0 to 1.0 for
both C; and C. For each magnitude, the network was presented
sequentially with the full range of pairs of input patterns, as
shown in Figure 6. The recall of the network was evaluated by
computing the performance measure P for CAl activity in re-
sponse to the CA3 portion of each pattern pair. The performance
measure P is plotted on the z-axis in Figure 7, with cholinergic
suppression of synaptic transmission in s. rad on the x-axis and
suppression of synaptic transmission in s. I-m on the y-axis.
Higher performance measure values have lighter shading. Note
that for most values of cholinergic suppression, the performance
was quite poor (0.0). The best performance (P > 0.8) was ob-
tained with strong maximal cholinergic suppression in s. rad
(Cr = 0.575-0.8) and weak maximal suppression in s. I-m (C,
= 0.0-0.425). On the left, when suppression in s. rad was weak,
the network responded with broadly distributed activity in re-
gion CA1. The recall of all patterns caused a low performance
value. On the right, when suppression in s. rad was too strong,
the network could not generate sufficient activity in region CAl
to decrease cholinergic modulation and allow recall. With little
activity in region CA1, the performance measure was low. Note
that good performance occurred only when suppression in s.
I-m was weaker than suppression in s. rad. That is, the good
performance (lighter shading) appears only above the gray line
marking equal suppression in both layers (C, = C,). Perfor-
mance was consistently highest when suppression in s. I-m was
considerably weaker than suppression in s. rad. For values where
maximal suppression in s. I-m was larger than maximal sup-
pression in s. rad (bottom of plot), the suppression of synaptic
transmission in s. I-m prevented the input from the entorhinal
cortex from setting activity in region CAl such that an asso-
ciation could be learned accurately. Thus, the results from the
simulation predict that for the best heteroassociative memory
function within the network, region CAl of the hippocampal
formation should demonstrate strong cholinergic suppression
of synaptic transmission in s. rad and relatively weaker cholin-
ergic suppression of synaptic transmission in s. 1-m.

In Figure 7, the white line shows the dose-response plot ob-
tained in the experimental work for the effect of cholinergic
modulation on synaptic transmission in s. rad and s. 1-m. Note
that the plot of experimental data crosses the region of maximal
performance. This plot will be discussed further in the following
section.

Brain slice physiology

Carbachol effects

As predicted by the simulation, experimental results demon-
strated that the cholinergic suppression of synaptic transmission
was stronger in stratum radiatum than in stratum lacunosum-
moleculare. Perfusion of the cholinergic agonist carbachol (100
uM) consistently caused a greater decrease in the slope and peak
amplitude of the EPSP in s. rad. than of the EPSP in s. I-m.
This difference in suppression appeared consistently for EPSPs
recorded in the same slice during the same perfusion. However,
there was some suppression of the EPSPs recorded in both lay-
ers. These results are illustrated in sequences of recordings taken
during 100 uM carbachol trials (Fig. 8). The mean rising slope
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Figure 8. The cholinergic agonist carbachol suppresses synaptic po-
tentials stimulated and recorded in stratum radiatum (s. rad) more
strongly than synaptic potentials stimulated and recorded in stratum
lacunosum-moleculare (s. I-m) of the same slice during the same ex-
periment. The differential effect of the cholinergic agonist carbachol is
shown for two different experiments. Recordings in the two layers were
taken before, during, and after perfusion of 100 um carbachol. 4, In this
slice, the slope of the s. rad EPSP was suppressed by 90.7%, while the
slope of the s. 1-m EPSP was suppressed by only 46.0% during the same
perfusion. B, In this slice, the slope of the s. rad EPSP was suppressed
by 87.6%, while the slope of the s. I-m EPSP was suppressed by only
54.6%. Fiber potentials remained stable during carbachol perfusion in
both layers in both slices. Potentials recovered after 20 min of ACSF
wash.

ofthe EPSP was decreased by a greater amount in the recordings
froms. rad [89.1 + 3.0% (£ SE) reduction] than in the recordings
obtained in the same slices from s. 1-m (40.1 + 4.1%). Similarly,
the mean suppression of the peak EPSP amplitude in s. rad at
this concentration of carbachol was 87.6 = 1.81% (rn = 13),
while the mean suppression of the EPSP amplitude recorded in
s. l-m during the same set of experiments was only 53.1 + 3.92%
(n = 13). A paired ¢ test demonstrated significant differences
between the two layers in the cholinergic suppression of both
EPSP amplitude (t = 7.46, df = 12; p < 0.0001) and slope (¢ =
11.7, df = 12; p < 0.0001). The results obtained from the 100
uM carbachol perfusions are summarized in Figure 9. The dif-
ferential effect of carbachol was consistent for all slices tested,
although there was a variation between slices in the exact per-
centages. The carbachol effect was also reversible in both layers,
requiring approximately 15-30 min to achieve maximum wash.
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Figure 9. Summary of the mean effect of 100 um carbachol on EPSP
slope (4) and EPSP amplitude of synaptic potentials (B) recorded in
stratum radiatum (s. rad, open columns) and in stratum lacunosum-
moleculare (s. I-m, shaded columns). Slope and amplitude of potentials
are plotted as mean percentage of control response during control con-
ditions, during perfusion of 100 um carbachol, and after washout of
carbachol. Error bars represent SE. In 13 experiments for each layer,
both the EPSP slope and amplitude were suppressed more strongly in
s. rad than in s. I-m. EPSP slope shows a slightly greater differential
effect in response to carbachol than EPSP amplitude. ACSF washes
restored both the slopes and amplitudes to approximately their former
levels.

In both of these layers, the fiber potential was relatively unaf-
fected, decreasing by a mean of 17.6% in s. rad and 16.4% in
s. l-m during perfusion with 100 um carbachol.

The effects of perfusion with carbachol were tested at con-
centrations ranging from 0.01 um to 500 um with concurrent
recording from both s. rad and s. I-m. For each concentration,
experiments in five slices were performed, except for 100 um,
for which 13 experiments were performed. The suppression of
synaptic transmission was significantly different between the
layers at concentrations of 10 uM or larger. The dose-response
plot for the effects of carbachol on the height of synaptic po-
tentials in both layers of CAl is shown in Figure 10. The IC,,
for carbachol was estimated by interpolating between the data
points on either side of 50% suppression for the effect measured
in either layer, yielding an IC,, = 7.33 um for s. rad and IC,, =
89.89 um for s. I-m. The difference in these values reflects the
fact that a considerably higher concentration of ACh would be
required for the same influence on synaptic transmission in s.
I-m as opposed to s. rad.

For comparison with the model, the dose-response was plot-
ted on the performance measures plotted for different magni-
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Figure 10. Dose-response plot showing the effect of carbachol in stra-
tum lacunosum-moleculare (s. I-m, O) and stratum radiatum (s. rad, @)
of region CAL1 at a full range of concentrations from 0.1 uMm to 500 um.
The proportion of the EPSP amplitude conserved is on the y-axis (per-
centage of mean baseline response), while the concentrations are plotted
logarithmically on the x-axis. Standard error bars are included for each
mean response. Differential effects of carbachol application are most
prominent at doses above 1 uM, where the two dose-response plots
diverge from one another. This data is also plotted in Figure 7.
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tudes of suppression in the simulation (Fig. 7). As can be seen
in Figure 7, the dose-response plot is in the upper portion of
the graph, reflecting the weaker suppression in s. 1-m than s.
rad, and the experimental data crosses a region of good perfor-
mance in the model. Note that the data points in the experi-
mental dose-response plot are slightly different than the points
in Figure 7, since Figure 7 shows performance for different
values of maximal cholinergic suppression. This suggests that
if the parameters of the simulation adequately reflect the pa-
rameters of cortical function, then the maximal ambient levels
of ACh in region CAl might be just over 10 um. These con-
centrations of the dose-response plot would correspond to a
region with performance measure values over 0.8 in Figure 7.

Muscarinic antagonism of cholinergic suppression

The effect of carbachol appears to be mediated by muscarinic
ACh receptors, since perfusion with the specific muscarinic an-
tagonist atropine for 10 min prior to carbacho! perfusion blocks
the cholinergic effects in both layers (see Fig. 11). In each of
these slices (n = 5), a 100 um carbachol suppression was per-
formed and washed prior to testing atropine at a concentration
of 1.0 um. In all of these slices, carbachol had a characteristic
effect prior to atropine perfusion, but had no suppressing effect
after atropine perfusion. These data are summarized in Figure
12.

Atropine itself did not appear to have any consistent effect
on the EPSPs after washout of carbachol, although in several
cases it raised the EPSP from a partially successful wash (of
~85-90% of control amplitude) to a full return of the control
signal. This implies that there may be a sustained effect of car-
bachol which does not always wash fully under normal condi-
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Figure 11. Atropine blocks the suppression of synaptic transmission

by carbachol. 4, During recording from both s. I-m and s. rad in the
same slice, synaptic potentials were recorded before, during, and after
perfusion with carbachol (100 um) to show the selective cholinergic
suppression of synaptic transmission. After this effect was washed, the
slices were perfused with 1.0 um atropine for 10 min, and then perfused
with a solution containing both 1.0 uM atropine and 100 um carbachol.
Atropine blocked the effects of carbachol on synaptic transmission in
both layers, indicating that cholinergic suppression in both layers is
mediated by muscarinic ACh receptors.

tions. The effect of carbachol during atropine perfusion was
insignificant. In 1.0 um atropine, perfusion of 100 um carbachol
resulted in a mean 0.31 + 1.69% increase in the EPSP ampli-
tudes in s. I-m and a suppression of 1.2 + 6.67% in s. rad. This
compares to a mean suppression induced by carbachol before
atropine (in the same slices) of 51.3% and 90.4% for s. I-m. and
s. rad, respectively. Paired ¢ tests on the EPSP peaks measured
in atropine and during carbachol after atropine yielded no sig-
nificant difference between the two groups. The slight shift in
responsiveness over the later portions of these graphs appeared
to be due to gradual changes in experimental conditions rather
than a specific effect of atropine.

Bicuculline

All of the above experiments were conducted in the presence
of 20 uM bicuculline. Because of its ubiquitous use in this series
of experiments, the effects of bicuculline on the recorded po-
tentials were documented. In these experiments, the field po-
tentials were allowed to stabilize for a long period before per-
fusion with bicuculline and were compared to the potentials
recorded in bicuculline. In seven out of 12 such cases, bicucul-
line administration caused the stimulation of s. rad to evoke
population spike activity. This spiking was either a burst (several
population spikes) or it did not occur at all. The EPSP slope
increased an average of 160.9 + 111.1% in s. I-m in response
to bicuculline, while the slope of s. rad responses increased by
only 25.8 + 7.0%. The EPSP amplitudes recorded in s. I-m were
increased by 89.0 + 30.2%, and these could be reliably measured
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Figure 12.  Summary of the blockade of suppression of synaptic trans-
mission by 1.0 um atropine (n = 5). The height of synaptic potentials
as percentage of control response is shown for control conditions, during
perfusion of 100 um carbachol (showing suppression of synaptic trans-
mission), after washout of carbachol, during perfusion of 1 um atropine,
and during perfusion of both 1 uM atropine and 100 um carbachol
(showing blockade of suppression). Effects in stratum lacunosum-mo-
leculare (s. /-m) are shown on the /eff, and effects in stratum radiatum
(s. rad) are shown on the right.

because perforant path stimulation did not evoke population
spikes at any of the stimulation values used. The mean control
EPSP amplitude for s. rad was —0.683 mV in slices where
perfusion with bicuculline evoked population spiking, while the
mean was —0.378 mV in slices where perfusion did not result
in any population spiking. The fiber volleys in both layers did
not increase, decreasing 1.8 = 3.6% ins. I-m and 19.9 + 13.1%
in s. rad.

Controls

Several slices (n = 4) were perfused with a low-calcium/high-
magnesium ACSF in order to verify the EPSP signals. In all
trials, the low-calcium solution abolished the EPSP component
of both the s. rad and s. I-m signals without significantly affecting
the magnitude of the fiber volley. This was taken as evidence
that the EPSP components of the signals were indeed reflecting
synaptically mediated events. TTX was also applied to several
slices (n = 17), and in each case both the fiber volley and the
EPSP components of both signals completely disappeared.

Discussion

Selective cholinergic suppression of synaptic transmission in
CAl

The simulations of region CAl (Figs. 4-7) show that if the
Schaffer collaterals store associations during cholinergic mod-
ulation, this requires greater cholinergic suppression of synaptic
transmission in stratum radiatum (s. rad) than in stratum la-
cunosum-moleculare (s. I-m). Brain slice experiments indicate
that there is in fact a difference in the magnitude of cholinergic
suppression of synaptic transmission between the two fiber lay-
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ers of region CAl. As illustrated in Figures 8-12, there is a
strong cholinergic suppression of synaptic transmission in s. rad,
and a comparatively weaker cholinergic suppression in s. 1-m.
These results support the hypothesis that cholinergic modula-
tion in region CAl allows the Schaffer collaterals to store as-
sociations between activity in region CA3 and the afferent input
from entorhinal cortex layer IT1. In addition, these results suggest
that feedback regulation of cholinergic modulation may set the
appropriate dynamics for learning or recall in cortical networks.

The effects of cholinergic modulation on synaptic transmis-
sion in stratum lacunosum-moleculare have not previously been
characterized. The excitatory synaptic input to this region has
not been the focus of much physiological research (see Colbert
and Levy, 1992, for review), in contrast to the broad range of
studies performed in stratum radiatum. However, previous
physiological studies have demonstrated synaptic activation in
region CAl with stimulation of the perforant path input to s.
I-m (Andersen et al., 1966; Doller and Weight, 1982, 1985;
Yeckel and Berger, 1990; Colbert and Levy, 1992a,b; Levy and
Colbert, 1992), and anatomical studies have shown afferent in-
put to stratum lacunosum-moleculare arising from layer III of
the entorhinal cortex (Lorente de No, 1938; Steward, 1976;
Witter et al., 1988). In the models presented here, this separate
afferent input is essential if the Schaffer collaterals are to show
associative memory function. As shown in the simulations, the
s. l-m input need not have a strong influence on CA1l activity
when studied in isolation. Input from the entorhinal cortex alone
caused only moderate activity in CA1 neurons, but when com-
bined with activity in region CA3, this input could effectively
guide learning of associations by the Schaffer collaterals. In
agreement with these results, anatomical evidence shows that
the s. I-m receives very little cholinergic innervation from the
medial septum (Lynch et al., 1978; Green and Mesulam, 1988;
Palacios and Mengod, 1989), suggesting that the effects of ACh
on the synapses of s. I-m in vivo may not even be as strong as
the suppression demonstrated in these experiments. A similar
laminar selectivity has been demonstrated for the effects of ba-
clofen in region CA1 (Colbert and Levy, 1992a).

The effects of cholinergic modulation in stratum radiatum are
consistent with observations made in previous studies (Houns-
gaard, 1978; Valentino and Dingledine, 1981; Rovira et al.,
1983; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990). Thus,
considerable physiological evidence supports the strong cholin-
ergic suppression of synaptic transmission in s. rad that provides
optimal heteroassociative memory function in the simulation.
However, the dose-response plot presented in Figure 10 for the
effects on synaptic transmission in s. rad differs somewhat from
that obtained by Sheridan and Sutor (1990). Their curve showed
a 90% suppression at 10 um carbachol, a result obtained only
for 100 uM concentrations in this experiment. Other experi-
ments on stratum radiatum did not display dose-response plots
(Hounsgaard, 1978; Valentino and Dingledine, 1981; Rovira et
al., 1983; Dutar and Nicoll, 1988), usually because ACh was
applied iontophoretically to local regions of CAl, preventing
accurate estimates of drug concentration (Hounsgaard, 1978;
Valentino and Dingledine, 1981; Rovira et al., 1983). The ability
of atropine, a specific muscarinic receptor antagonist, to block
the cholinergic effects on synaptic transmission indicates that
the suppression in both layers is mediated by muscarinic re-
ceptors. This specificity has previously been demonstrated in s.
rad (Valentino and Dingledine, 1981; Dutar and Nicoll, 1988;
Sheridan and Sutor, 1990).

Function of the Schaffer collaterals in hippocampal models

The simulations and experimental results presented here sup-
port the hypothesis that the Schaffer collaterals store associa-
tions between activity in region CA3 and the afferent input from
entorhinal cortex (Levy, 1989; Eichenbaum and Buckingham,
1990; Levy etal., 1990; McNaughton, 1991). While these results
provide necessary support for the hypothesis, they do not rule
out all other models of the function of region CAl. However,
this evidence does run contrary to the hypothesis that the Schaf-
fer collaterals exclusively undergo competitive self-organization
(Rolls, 1991). The latter hypothesis neglects evidence for the
direct perforant pathway projection from entorhinal cortex to
region CA 1. When this pathway is included in models, the change
in influence mediated by cholinergic modulation suggests as-
sociative memory function of the Schaffer collaterals, though
these synapses may undergo self-organization when cholinergic
modulation is weak. The evidence presented here suggests that
the input from entorhinal cortex to region CAl is equal in im-
portance to the Schaffer collaterals, and could be vital for un-
derstanding the significance of the broadly studied phenomenon
of long-term potentiation in stratum radiatum (Gustafsson and
Wigstrom, 1988). Further development of simulations such as
this will be essential to linking the anatomical and physiological
features of hippocampal function to more abstract theories pro-
posed for the function of the hippocampus (Wickelgren, 1979;
Levy, 1989; Levy et al., 1990; McClelland et al., 1992; Carpenter
and Grossberg, 1993; Gluck and Myers, 1993). Convergence to
a satisfactory description of the full range of data on hippocam-
pal function will depend upon constraining models with ana-
tomical and physiological data.

The selectivity of cholinergic suppression within region CA1
has particular significance in relation to physiological evidence
that the input from entorhinal cortex to region CAl is rather
weak (Andersen et al., 1966; Colbert and Levy, 1992). In the
experimental work presented here, s. I-m stimulation caused
relatively small synaptic potentials, while s. rad stimulation
easily evoked large EPSPs and population spikes. These results
suggest that each of the fibers from region CA3 forms a much
larger number of synapses on pyramidal cell dendrites than do
the perforant path fibers in s. I-m. This connectivity difference
might arise if synapses in s. I-m undergo self-organization, with
mechanisms minimizing the number of synaptic contacts. In
contrast, associative memory function of synapses in s. rad would
require a greater number of smaller synaptic influences. Greater
cholinergic suppression of synaptic transmission in s. rad than
s. I-m might allow input from the entorhinal cortex to be the
predominant influence on CAl activity during learning, allow-
ing self-organization of the synapses of s. I-m with heteroasso-
ciative memory function of the synapses of s. rad. In addition,
suppression of voltage- and calcium-dependent potassium cur-
rents in CA1 pyramidal cells will make these neurons more likely
to fire action potentials in response to s. I-m input (Madison
and Nicoll, 1984; Madison et al., 1987). Combined with the
suppression in s. rad, this may increase the length constant of
dendritic trees, further increasing the influence of the more distal
s. I-m synapses (Witter et al., 1988).

Feedback regulation of cholinergic modulation sets appropriate
dynamics for learning or recall

These are the first simulations to incorporate internal feedback
regulation of cholinergic modulation. Most previous simula-



tions of cortical memory function externally determine whether
the network will respond to a stimulus as novel or as familiar.
In particular, associative memory models set very different dy-
namics for learning of novel stimuli and recall of familiar stimuli
(Anderson, 1983; Amit, 1988; Kohonen, 1988). Here this dis-
tinction between learning and recall can be regulated by the
influence of cortical activity on the level of cholinergic modu-
lation. For more familiar stimuli, the level of ACh decreases,
and network activity depends less on external input and more
on the recall of previous associations. For novel stimuli, the
level of ACh increases, and network activity depends more on
external input than recall activity, setting appropriate dynamics
for learning. This simulation suggests a continuum between
learning and recall, with potential intermediate states in which
partial recall could speed new learning. The feedback regulation
of the dynamics of learning and recall depends upon the com-
bination of a number of different neuromodulatory influences
of ACh. These simulations are the first to incorporate influences
of cholinergic modulation on inhibitory synaptic transmission
(Pitler and Alger, 1992) and on the rate of synaptic modification
(Blitzer et al., 1990; Barkai et al., 1993; Huerta and Lisman,
1993). Previous simulations have explored the effect of cholin-
ergic modulation of synaptic transmission (Hasselmo et al.; 1992;
present results) and neuronal adaptation (Barkai and Hasselmo,
1994a; Hasselmo et al., 1993).

The selective cholinergic suppression of synaptic transmission
was previously demonstrated in the piriform cortex (Hasselmo
and Bower, 1992) and its significance for autoassociative mem-
ory function has been extensively studied in models of the pir-
iform cortex, using analytical representations (Hasselmo, 1993,
1994), biophysical compartmental simulations (Barkai and Has-
selmo, 1994a,b; Hasselmo et al., 1993), and more abstract com-
putational models (Hasselmo et al., 1992; Hasselmo, 1993, 1994).
In addition, the cholinergic suppression of neuronal adaptation
has been demonstrated in the piriform cortex (Tseng and Ha-
berly, 1988; Barkai and Hasselmo, 1994a) and has been shown
to enhance associative memory function in biophysical com-
partmental simulations (Barkai and Hasselmo, 1994b; Hassel-
mo et al., 1993). Cholinergic modulation in the piriform cortex
may make afferent fibers from the olfactory bulb the predom-
inant influence during learning in piriform cortex, allowing these
fibers to undergo self-organization while intrinsic fibers have
associative memory function (Hasselmo, 1994). The results pre-
sented here, along with previous analytical work (Hasselmo,
1994), show that these results apply to heteroassociative mem-
ory function as well.

Insufficient cholinergic suppression of synaptic transmission
during learning can allow runaway synaptic modification of ex-
citatory synapses (Hasselmo et al., 1992; Barkai and Hasselmo,
1994b; Hasselmo, 1993, 1994). This phenomenon has been
suggested to underlie the progression of neuronal degeneration
in cortical structures in Alzheimer’s disease (Hasselmo, 1994).
Runaway synaptic modification can occur at the s. rad synapses
in the simulation presented here. However, the pyramidal cells
of region CA3 show relatively less formation of neurofibrillary
tangles in Alzheimer’s disease, whereas pyramidal cells of region
CA1 near the border of the subiculum show early appearance
and high density of neurofibrillary tangles (Hyman et al., 1987).
This suggests that the greater sensitivity of CA1 pyramidal cells
to development of neurofibrillary tangles may be due to post-
synaptic influences of runaway synaptic modification (e.g., ex-
citotoxicity), or that the runaway synaptic modification may
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chiefly occur on the synapses projecting from region CAl back
to the subiculum and entorhinal cortex. Interestingly, in some
cases of Alzheimer’s disease, increased levels of cholinergic
marker enzymes appear in s. I-m of region CA1 and the subi-
culum (Hyman et al., 1987). This suggests that a possible com-
pensatory mechanism to reduce runaway synaptic modification
in Alzheimer’s disease might be to increase the cholinergic sup-
pression in s. I-m. As shown in Figure 5B, this will slow the
rate of synaptic modification in region CAl.

The results presented here are relevant to a more abstract
model of cortical function termed Adaptive Resonance Theory,
or ART (Carpenter and Grossberg, 1993). An important feature
of those models concerns the solution of the stability/plasticity
dilemma. To avoid instability in the formation of categories, a
component of ART networks termed the orienting subsystem
compares input with previously learned categories. If the match
does not exceed a criterion level, a new category is formed. The
architecture and implementation of these networks are consid-
erably different from the simulations presented here of region
CAl, but the computational issues are similar. The orienting
subsystem has been presented previously as a theoretical de-
scription of the role of the hippocampus in cortical function
(Carpenter and Grossberg, 1993).

Anatomy and physiology of the feedback regulation of
cholinergic modulation

The simulation presented here describes a possible function for
the feedback regulation of cholinergic modulation in the hip-
pocampus. The cholinergic modulation of region CAl arises
from the medial septum and the vertical limb of the diagonal
band of Broca (Frotscher and Leranth, 1985). For many years,
this modulation was considered to be under inhibitory control
from the lateral septum, since circumstantial anatomical evi-
dence suggested that cholinergic neurons of the medial septum
received GABAergic input from the lateral septum (Leranth and
Frotscher, 1989). This would allow increased hippocampal ac-
tivity to downregulate cholinergic modulation, since CA1 and
CA3 pyramidal cells project fibers to the lateral septum (Swan-
son and Cowan, 1979), forming asymmetric (presumably ex-
citatory) connections onto the cells located there (Leranth and
Frotscher, 1989). However, recent evidence suggests that the
medial septum may not be under direct inhibitory control by
the lateral septum-(Leranth et al., 1992). Instead, the medial
septum appears to receive direct inhibitory projections from
regions CA3 and CALl of the hippocampus (Toth et al., 1993).

Physiological studies have demonstrated that stimulation of
efferent fibers of the hippocampus in the fimbria inhibits the
activity of neurons in the medial septum (McLennan and Miller,
1974a,b). Significantly, Givens and Olton (1990) have found
that GABAergic inhibition in the medial septum, evoked by in
vivo infusions of the GABA,, agonist muscimol, impaired work-
ing memory in ways similar to those caused by blocking cho-
linergic modulation in the hippocampus. Inactivation of the
medial septum with lidocaine has been shown to impair working
memory without significantly changing spatial selectivity or mean
discharge rate of region CAl neurons (Mizumori et al., 1989),
suggesting that this manipulation may set the dynamics of CA1l
activity to constant recall. With medial septum inactivation,
removal of the cholinergic suppression of synaptic transmission
in s. rad allows completion of sparse CA3 activity to drive CA1
neurons, but may lock the network into a state of recall, pre-
venting new information from being incorporated.
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Further experiments are necessary to test this model of the
feedback regulation of cholinergic modulation. The model pre-
dicts that cholinergic neurons of the medial septum should be
selectively active during presentation of novel stimuli. Record-
ings from neurons of the diagonal band in monkeys during serial
presentation of objects have demonstrated neurons in this region
with selective responses to novel but not familiar stimuli (Wil-
son and Rolls, 1990). Further experiments are necessary to ver-
ify that medial septal activity will start high and decrease during
learning. In addition, experiments should test the hypothesis
that medial septal cholinergic output will be lowest when CAl
contains strong but relatively sparse activity.

Cholinergic modulation in other cortical areas

ACh may have similar modulatory effects in all cortical regions.
In addition to region CAl and the piriform cortex, cholinergic
suppression of synaptic transmission has been demonstrated in
other hippocampal regions, including the dentate gyrus (Ya-
mamoto and Kawai, 1967; Kahle and Cotman, 1989) and region
CA3 (Valentino and Dingledine, 1981; Williams and Johnston,
1990). In the dentate gyrus, Kahle and Cotman (1989) dem-
onstrated a 50% suppression of synaptic transmission in the
middle molecular layer at 100 um carbachol, with no suppres-
sion in the outer molecular layer. The simulations presented
here suggest that this selective cholinergic modulation in the
dentate gyrus would allow input to the middle molecular layer
from the medial entorhinal cortex to have associative memory
function, while allowing the lateral entorhinal cortex input to
the outer molecular layer to undergo self-organization. It is in-
teresting to note that in these cases of selectivity of cholinergic
suppression, the input to the proximal portion of pyramidal cell
dendrites has been more strongly suppressed (Kahle and Cot-
man, 1989; Hasselmo and Bower, 1992; present results). This
suggests that the loss of proximal synaptic currents, and the
associated increase in dendritic length constant, may be an im-
portant factor in the functional characteristics of these regions.

The innervation of the hippocampal formation from the en-
torhinal cortex shows a characteristic topography, with fibers
from the lateral entorhinal cortex terminating in the portion of
CALl adjacent to the subiculum, and fibers from the medial
entorhinal cortex terminating in the portion of CAl adjacent to
CA3 (Steward, 1976; Steward and Scoville, 1976; Witter et al.,
1988). In the dentate gyrus, fibers from the lateral and medial
entorhinal cortex show different pharmacological sensitivity to
ACh (Kahle and Cotman, 1989), L-AP4 (Koerner and Cotman,
1981), and baclofen (Lanthorn and Cotman, 1990), suggesting
that the perforant path innervation of different portions of s.
I-m may differ physiologically as well. The experiments pre-
sented here involved recording between one-third and one-half
of the distance from the subiculum to the border of CA3. How-
ever, preliminary experiments did not demonstrate any differ-
ences in the sensitivity of synaptic potentials recorded near the
border of the subiculum in comparison to potentials recorded
near the border of CA3. This lack of a difference is not incon-
sistent with the results of Kahle and Cotman, since the fibers
innervating s. I-m arise from pyramidal cells in layer IIT of
entorhinal cortex (Steward and Scoville, 1976), rather than stel-
late neurons in layer II.

Cholinergic suppression of synaptic transmission should also
be of considerable importance for the function of region CA3,
which has been proposed to have an autoassociative-type func-
tion dependent upon modification of the longitudinal associa-

tion pathway synapsing in stratum radiatum (Marr, 1971; Mc-
Naughton and Morris, 1987; Levy, 1989; McNaughton, 1991;
Treves and Rolls, 1991). Cholinergic suppression of synaptic
transmission has been reported in region CA3 (Valentino and
Dingledine, 1981), but the laminar selectivity of this suppression
has not been explored. If region CA3 performs autoassociative
storage of patterns determined by input from other regions, this
would require weaker suppression of synaptic transmission at
the mossy fibers in stratum lucidum and at the perforant path
synapses in stratum lacunosum-moleculare, compared to stron-
ger suppression at synapses in stratum radiatum. In addition,
region CA3 should have mechanisms for feedback regulation
of cholinergic modulation from the medial septum. Suppression
of synaptic transmission at the mossy fibers has been reported
(Williams and Johnston, 1990), but appears to be weaker than
the suppression reported in stratum radiatum (Valentino and
Dingledine, 1981). However, a direct comparison of the level
of suppression between stratum lucidum, stratum radiatum, and
stratum lacunosum-moleculare in region CA3 has not been pre-
sented.

References

Alger BE, Dhanjal SS, Dingledine R, Garthwaite J, Henderson G, King
GL, Lipton P, North A, Schwartzkroin PA, Sears TA, Segal M, Wit-
tingham TS, Williams J (1984) Brain slice methods. In: Brain slices
(Dingledine R, ed), pp 381-437. New York: Plenum.

Amaral DG, Witter MP (1989) The 3-dimensional organization of the
hippocampal formation—a review of anatomical data. Neuroscience
31:571-591.

Amit DJ (1988) Modeling brain function: the world of attractor neural
networks. Cambridge: Cambridge UP.

Andersen P, Holmgvist B, Voorhoeve PE (1966) Excitatory synapses
on hippocampal apical dendrites activated by entorhinal stimulation.
Acta Physiol Scand 66:461-472.

Anderson JA (1972) A simple neural network generating an interactive
memory. Math Biosci 14:197-220.

Anderson JA (1983) Cognitive and psychological computation with
neural models. IEEE Trans SMC-13:799-815.

Barkai E, Hasselmo ME (1994a) Modulation of the input/output func-
tion of rat piriform cortex pyramidal cells. J Neurophysiol, in press.

Barkai E, Hasselmo ME (1994b) Modulation of associative memory
function in a biophysical simulation of rat piriform cortex. J] Neu-
rophysiol, in press.

Barkai E, Horwitz G, Bergman RE, Hasselmo ME (1993) Long-term
potentiation and associative memory function in a biophysical sim-
ulation of piriform cortex. Soc Neurosci Abstr 19:376.3.

Beatty WW, Carbone CP (1980) Septal lesions, intramaze cues and
spatial behavior in rats. Physiol Behav 24:675-678.

Benardo LS, Prince DA (1982) Ionic mechanisms of cholinergic ex-
citation in mammalian hippocampal pyramidal cells. Brain Res 249:
333-344,

Bergman RE, Vanier ME, Horwitz G, Bower JM, Hasselmo ME (1993)
Cholinergic modulation of associative memory function in a realistic
computational model of piriform cortex. In: Computation and neural
systems (Eeckman F, Bower JM, eds), pp 273-280. Norwell, MA:
Kluwer.

Bland BH, Colom LV (1993) Extrinsic and intrinsic properties un-
derlying oscillation and synchrony in limbic cortex. Prog Neurobiol
41:157-208.

Blitzer RD, Gil O, Landau EM (1990) Cholinergic stimulation en-
hances long-term potentiation in the CA1 region of rat hippocampus.
Neurosci Lett 119:207-210.

Brocher S, Artola A, Singer W (1992) Agonists of cholinergic and
noradrenergic receptors facilitate synergistically the induction of long-
term potentiation in slices of rat visual cortex. Brain Res 573:27-36.

Burgard EC, Sarvey JM (1990) Muscarinic receptor activation facil-
itates the induction of long-term potentiation (LTP) in the rat dentate
gyrus. Neurosci Lett 116:34-39.

Carpenter GA, Grossberg S (1993) Normal and amnesic learning,
recognition and memory by a neural model of cortico-hippocampal
interactions. Trends Neurosci 16:131-137.



Colbert CM, Levy WB (1992a) Electrophysiological and pharmaco-
logical characterization of perforant path synapses in CAl: mediation
by glutamate receptors. J Neurophysiol 68:1-8.

Colbert CM, Levy WB (1992b) GABA-A inhibition opposes mono-
synaptic perforant-path excitation of CAl pyramids. Soc Neurosci
Abstr 18:628.13.

Doller HJ, Weight FF (1982) Perforant pathway activation of hip-
pocampal CA1 stratum pyramidale neurons: electrophysiological ev-
idence for a direct pathway. Brain Res 237:1-13.

Doller HJ, Weight FF (1985) Perforant pathway—evoked long-term
potentiation of CA1 neurons in the hippocampal slice preparation.
Brain Res 333:305-310.

Dutar P, Nicoll RA (1988) Classification of muscarinic responses in
hippocampus in terms of receptor subtypes and 2nd-messenger sys-
tems—electrophysiological studies in vitro. ] Neurosci 8:4214-4224.

Eichenbaum H, Buckingham J (1990) Studies on hippocampal pro-
cessing: experiment, theory and model. In: Learning and computa-
tional neuroscience: foundations of adaptive networks (Gabriel M,
Moore J, eds), pp 171-231. Cambridge, MA: MIT Press.

Frotscher M, Leranth C (1985) Cholinergic innervation of the rat
hippocampus as revealed by choline acetyltransferase immunocyto-
chemistry: a combined light and electron microscopic study. J Comp
Neurol 239:237-246.

Gaykema RPA, Luiten PGM, Nyakas C, Traber J (1990) Cortical
projection patterns of the medial septum—diagonal band complex. J
Comp Neurol 293:103-124.

Givens BS, Olton DS (1990) Cholinergic and GABAergic modulation
of the medial septal area: effect on working memory. Behav Neurosci
104:849-855.

Gluck MA, Myers CE (1993) Hippocampal mediation of stimulus
representation: a computational theory. Hippocampus 3:491-516.
Green RC, Mesulam MM (1988) Acetylcholinesterase fiber staining
in the human hippocampus and parahippocampal gyrus. J Comp

Neurol 273:488-499.

Grossberg S (1970) Some networks that can learn, remember and
reproduce any number of complicated space-time patterns, II. Stud
Appl Math 49:135-166.

Grossberg S (1976) On the development of feature detectors in the
visual cortex with applications to learning and reaction—diffusion sys-
tems. Biol Cybern 21:145-159. .

Gustafsson B, Wigstrom H (1988) Physiological mechanisms under-
lying long-term potentiation. Trends Neurosci 11:156-162.

Hagan JJ, Morris RGM (1989) The cholinergic hypothesis of memory:
a review of animal experiments. In: Psychopharmacology of the aging
nervous system (Iversen LL, Iversen SD, Snyder SH, eds), pp 237-
324. New York: Plenum.

Hasseimo ME (1993) Acetylcholine and learning in a cortical asso-
ciative memory. Neural Comput 5:32-44.

Hasselmo ME (1994) Runaway synaptic modification in models of
cortex: implications for Alzheimer’s disease. Neural Networks 7:13-
40.

Hasselmo ME, Bower JM (1991) Selective suppression of afferent but
not intrinsic fiber synaptic transmission by 2-amino-4-phosphono-
butyric acid (AP4) in piriform cortex. Brain Res 548:248-255.

Hasselmo ME, Bower JM (1992) Cholinergic suppression specific to
intrinsic not afferent fiber synapses in rat piriform (olfactory) cortex.
J Neurophysiol 67:1222-1229.

Hasselmo ME, Bower JM (1993) "Acetylcholine and memory. Trends
Neurosci 16:218-222.

Hasselmo ME, Anderson BP, Bower JM (1992) Cholinergic modu-
lation of cortical associative memory function. J Neurophysiol 67:

1230-1246.

Hasselmo ME, Barkai E, Horwitz G, Bergman RE (1993) Modulation
of neuronal adaptation and cortical associative memory function. In:
Computation and neural systems II (Eeckman F, Bower JM, eds), in
press. Norwell, MA: Kluwer.

Hounsgaard J (1978) Presynaptic inhibitory action of acetylcholine in
area CA1l of the hippocampus. Exp Neurol 62:787-797.

Huerta PT, Lisman JE (1993) Heightened synaptic plasticity of hip-
pocampal CAl neurons during a cholinergically induced rhythmic
state. Nature 364:723-725.

Hyman BT, Kromer LJ, Van Hoesen GW (1987) Reinnervation of
the hippocampal perforant pathway zone in Alzheimer’s disease. Ann
Neurol 21:250-267.

Kahle JS, Cotman CW (1989) Carbachol depresses the synaptic re-

The Journal of Neuroscience, June 1994, 14(6) 3913

sponses in the medial but not the lateral perforant path. Brain Res
482:159-163.

Kelso SR, Ganong AH, Brown TH (1986) Hebbian synapses in the
hippocampus. Proc Natl Acad Sci USA 83:5326-5330.

Koemner JF, Cotman CW (1981) Micromolar L-2-amino-4-phosphon-
obutyric acid selectively inhibits perforant path synapses from lateral
entorhinal cortex. Brain Res 216:192-198.

Kohonen T (1972) Correlation matrix memories. IEEE Trans C-21:
353-359.

Kohonen T (1988) Self-organization and associative memory. Berlin:
Springer.

Kopelman MD (1986) The cholinergic neurotransmitter system in
human memory and dementia: a review. Q J Exp Psychol 38:535-
573.

Kunkel DD, Lacailie JC, Schwartzkroin PA (1988) Ultrastructure of
stratum lacunosum-moleculare interneurons of hippocampal CA1 re-
gion. Synapse 2:382-394.

Lacaille JC, Schwartzkroin PA (1988) Stratum lacunosum-moleculare
interneurons of hippocampal CAl region. 1. Intracellular response
characteristics, synaptic responses and morphology. J Neurosci 8:1400—
1410.

Lanthorn TH, Cotman CW (1981) Baclofen selectively inhibits ex-
citatory synaptic transmission in the hippocampus. Brain Res 225:
171-178.

Leranth C, Frotscher M (1989) Organization of the septal region in
the rat brain: cholinergic-GABAergic interconnections and the ter-
mination of hippocampo-septal fibers. J] Comp Neurol 289:304-314.

Leranth C, Deller T, Buzsaki G (1992) Intraseptal connections rede-
fined—lack of lateral septum to medial septum path. Brain Res 583:
1-11.

Levy WB (1989) A computational approach to hippocampal function.
In: Computational models of learning in simple neural systems (Haw-
kins RD, Bower GH, eds), pp 243-305. Orlando, FL: Academic.

Levy WB, Colbert CM (1992) Associative potentiation of Schaffer
collaterals by paired conditioning of the perforant path in hippocam-
pal CAl. Soc Neurosci Abstr 18:628.14.

Levy WB, Colbert CM, Desmond NL (1990) Elemental adaptive pro-
cesses of neurons and synapses: a statistical/computational perspec-
tive. In: Neuroscience and connectionist theory (Gluck MA, Rumel-
hart DE, eds), pp 187-236. Hillsdale, NJ: Erblaum.

Liljenstrom H, Hasselmo ME (1993) Acetylcholine and cortical os-
cillatory dynamics. In: Computation and neural systems (Eeckman
F, Bower JM, eds), pp 523-530. Norwell, MA: Kluwer.

Linsker R (1988) Self-organization in a perceptual network. Computer
21:105-117.

Lorente de NoR (1934) Studies on the structure of the cerebral cortex.
II. Continuation of the study of the ammonic system. J Psychol Neurol
46:113-177.

Lynch G, Rose G, Gall C (1978) Anatomical and functional aspects
of the septo-hippocampal projections. In: Functions of the septo-
hippocampal system. Amsterdam: Elsevier.

Madison DV, Nicoll RA (1984) Control of the repetitive discharge of
rat CA1 pyramidal neurones in vitro. J Physiol (Lond) 354:319-331.

Madison DV, Lancaster B, Nicoll RA (1987) Voltage clamp analysis
of cholinergic action in the hippocampus. J Neurosci 7:733-741.

Markram J, Segal M (1990) Acetylcholine potentiates responses to
N-methyl-p-aspartate in the rat hippocampus. Neurosci Lett 113:62-
65.

Marr D (1971) Simple memory: a theory for archicortex. Philos Trans
R Soc Lond [Biol] B262:23-81.

McClelland JL, McNaughton BL, O’Reilly R, Nadel L (1992) Com-
plementary roles of hippocampus and neocortex in learning and mem-
ory. Soc Neurosci Abstr 18:508.7.

McLennan H, Miller JJ (1974a) The hippocampal control of neuronal
discharges in the septum of the rat. J Physiol (Lond) 237:607-624.
McLennan H, Miller JJ (1974b) Gamma-aminobutyric acid and in-

hibition in the septal nuclei of the rat. J Physiol (Lond) 237:625-633.

McNaughton BL (1991) Associative pattern completion in hippocam-
pal circuits: new evidence and new questions. Brain Res Rev 16:193—
220.

McNaughton BL, Morris RGM (1987) Hippocampal synaptic en-
hancement and information storage within a distributed memory sys-
tem. Trends Neurosci 10:408—-415.

Miller KD, Keller JB, Stryker MP (1989) Ocular dominance column
development—analysis and simulation. Science 245:605-615.



3914 Hasselmo and Schnell « Cholinergic Suppression in Hippocampal Region CA1

Mizumori SJY, McNaughton BL, Barnes CA, Fox KB (1989) Pre-
served spatial coding in hippocampal CAl pyramidal cells during
reversible suppression of CA3c output: evidence for pattern comple-
tion in hippocampus. J Neurosci 9:3915-3928.

Palacios JM, Mengod G (1989) Radiohistochemistry of receptors in
the hippocampus: focus on the cholinergic receptors. In: The hip-
pocampus: new vistas (Chan-Palay V, Kohler C, eds), pp 207-224.
New York: Liss.

Pitler TA, Alger BE (1992) Cholinergic excitation of GABAergic in-
terneurons in the rat hippocampal slice. J Physiol (Lond) 450:127-
142.

Rolls ET (1991) The representation and storage of information in
neuronal networks in the primate cerebral cortex and hippocampus.
In: The computing neuron (Durbin R, Miall C, Mitchison G, eds),
pp 125-159. Wokingham, UK: Addison-Wesley.

Rovira C, Ben-Ari Y, Cherubini E, Krnjevic K, Ropert N (1983) Phar-
macology of the dendritic action of acetylcholine and further obser-
vations on the somatic disinhibition in the rat hippocampus in situ.
Neuroscience 8:97-106.

Sheridan RD, Sutor B (1990) Presynaptic M1 muscarinic cholinocep-
tors mediate inhibition of excitatory synaptic transmission in the
hippocampus in vitro. Neurosci Lett 108:273-278.

Spencer DG, Pontecorvo MJ, Heise GA (1985) Central cholinergic
involvement in working memory: effects of scopolamine on contin-
uous nonmatching and discrimination performance in the rat. Behav
Neurosci 99:1049-1065.

Steward O (1976) Topographic organization of the projections from
the entorhinal areas of the hippocampal formation of the rat. J'‘Comp
Neurol 167:285-314.

Steward O, Scoville SA (1976) Cells of origin of entorhinal cortical
afferents to the hippocampus and fascia dentate of the rat. J] Comp
Neurol 169:347-370.

Swanson LW, Cowan WM (1979) Connections of the septal region in
the rat. ] Comp Neurol 186:621-656.

Toth K, Borhegyi Z, Freund TF (1993) Postsynaptic targets of GA-
BAergic hippocampal neurons in the medial septum diagonal band
of Broca complex. J Neurosci 13:3712-3724.

Traub R, Miles R, Buzsaki G (1992) Computer simulation of car-
bachol-driven rhythmic population oscillations in the CA3 region of
the in vitro rat hippocampus. J Physiol (Lond) 451:653-672.

Treves A, Rolls ET (1991) What determines the capacity of autoas-
sociative memories in the brain? Network 2:371-397.

Umbriaco D, Watkins KC, Descarries L, Cozzari C, Hartman BK (1992)
Serial section analysis of the acetylcholine (ACh) innervation in adult
rat parietal cortex. Soc Neurosci Abstr 18:976.

Valentino RJ, Dingledine R (1981) Presynaptic inhibitory effect of
acetylcholine in the hippocampus. J Neurosci 1:784-792.

von der Malsburg C (1973) Self-organization of orientation sensitive
cells in the striate cortex. Kybernetik 14:85-100.

Walker JA, Olton DS (1984) Fimbria-fornix lesions impair spatial
working memory but not cognitive mapping. Behav Neurosci 98:226—
242,

Wickelgren WA (1979) Chunking and consolidation: a theoretical syn-
thesis of semantic networks, configuring in conditioning, S-R versus
cognitive learning, normal forgetting, the amnesic syndrome and the
hippocampal arousal system. Psychol Rev 86:44-60.

Wigstrom H, Gustafsson B, Huang Y-Y, Abraham WC (1986) Hip-
pocampal long-term potentiation is induced by pairing single afferent
volleys with intracellularly injected depolarizing current pulses. Acta
Physiol Scand 126:317-319.

Williams SH, Constanti A (1988) Quantitative effects of some mus-
carinic agonists on evoked surface-negative field potentials recorded
from the guinea-pig olfactory cortex slice. Br J Pharmacol 93:846—
854.

Williams SH, Johnston D (1990) Muscarinic depression of synaptic
transmission at the hippocampal mossy fiber synapse. ] Neurophysiol
64:1089-1097.

Wilson FAW, Rolls ET (1990) Learning and memory is reflected in
the responses of reinforcement-related neurons in the primate basal
forebrain. J Neurosci 10:1254-1267.

Wilson MA, Bower JM (1992) Cortical oscillations and temporal in-
teractions in a computer simulation of piriform cortex. J Neurophy-
siol 67:981-995.

Witter MP, Griffioen AW, Jorritsma-Byham B, Krijnen JLM (1988)
Entorhinal projections to the hippocampal CA1 region in the rat: an
underestimated pathway. Neurosci Lett 85:193-198.

Yamamoto C, Kawai N (1967) Presynaptic action of acetylcholine in
thin sections from the guinea-pig dentate gyrus in vitro. Exp Neurol
19:176-187.

Yeckel MF, Berger TW (1990) Feedforward excitation of the hippo-
campus by afferents from the entorhinal cortex: redefinition of the
role of the trisynaptic pathway. Proc Natl Acad Sci USA 87:5832-
5836.



