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Abstract 

Somatostatin was applied to rat cortical neurons grown in dispersed cell culture while electro- 
physiological effects were monitored with intracellular recordings. The effects of somatostatin were 
predominantly excitatory, but they varied and were dose dependent. Somatostatin at concentrations 
between 100 PM and 1 PM depolarized 30 of 87 neurons, often with a concomitant increase in 
spontaneous action potentials and a small increase in membrane input resistance. Somatostatin also 
increased the frequency of synaptic activity coming into the recorded neuron in 45 of 78 recordings, 
an effect which was seen even in the absence of direct effects. In six of nine neurons, somatostatin 
decreased the amplitude of large ongoing inhibitory synaptic potentials, concomitant with an 
increase in membrane input resistance. Somatostatin occasionally caused inhibition of neuronal 
activity, an effect predominantly associated with the application of higher concentrations. The 
unpredictability of the response of an individual neuron to somatostatin is partially explained by 
three phenomena: a marked tachyphylaxis, an inverted U-shaped dose response curve for membrane 
depolarization, and qualitatively different responses depending on the concentration of somatostatin. 
These findings show that somatostatin is predominantly an excitatory agent when applied to cortical 
neurons, but it may cause several different changes in membrane properties. The dose response data 
suggest a considerable complexity of the actions of somatostatin at a cellular level. 

Somatostatin is a 1.4-amino acid cyclic polypeptide 
having a number of characteristics compatible with a 
role in neuronal transmission in the cerebral cortex. It 
was originally detected in hypothalamic extracts as a 
factor which inhibited the release of growth hormone 
from pituitary cells in culture (Krulich et al., 1968) and 
was later isolated, characterized, and synthesized, with 
demonstration of bioactivity equivalent to the hypotha- 
lamic factor (Brazeau et al., 1973). However, although 
the concentration of somatostatin is highest in the hy- 

’ This work was supported by The Esther A. and Joseph Klingen- 
stein Fund, Grants NS15362, NS00130, NS06320, NSO0608, and The 
Children’s Hospital Medical Center Mental Retardation Core Grant 
HD06276. We thank Bernard Biales and Sara Vasquez for expert 
technical assistance and Diane Kilday for help with preparation of the 
manuscript. We thank W. Frost White, Deborah Barnes, and Michael 
Seizer for thoughtful comments on this manuscript. We are grateful to 
Seymour Reichlin for providing the anti-somatostatin immune serum 
and to him and Judy Gruber for somatostatin radioimmunoassays on 
innumerable samples. 

* To whom correspondence should be addressed at Division of Neu- 
roscience, Enders 4, The Children’s Hospital Medical Center, 300 
Longwood Avenue, Boston, MA 02115. 

pothalamus, the cerebral cortex contains a larger total 
amount of somatostatin than any other region of the 
nervous system (Pate1 and Reichlin, 1978), and this cer- 
ebral cortical somatostatin appears to arise from intrinsic 
neurons (Martin et al., 1978; Delfs et al., 1980). A large 
proportion of the immunoreactive somatostatin is con- 
centrated in purified synaptosomal fractions (Berelowitz 
et al., 1978) and its release is calcium dependent (Iversen 
et al., 1978; Lee et al., 1979). A specific high affinity 
receptor for somatostatin recently demonstrated in rat 
brain membranes (Srikant and Patel, 1981a) has char- 
acteristics which are different from the somatostatin 
receptor in the pituitary (Srikant and Patel, 1981b). 

There is evidence to suggest that somatostatin may 
play a role in mammalian behavior and in several neu- 
rological disease states. Somatostatin has dramatic be- 
havioral effects when applied in viuo (Plotnikoff et al., 
1974; Rezek et al., 1977), and its relation to seizure 
disorders has been suggested (Havlicek et al., 1975). Also, 
somatostatin levels have been found to be significantly 
depressed in the brains of patients with senile dementia 
of the Alzheimer type (Davies et al., 1980). 

Numerous groups have reported effects of somatosta- 
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tin on the electrophysiological activity of central neurons 
(Renaud et al., 1975; Miletic et al., 1977; Nicoll, 1978; 
Padjen, 1977; Ioffe et al., 1978; Olpe et al., 1980; Macdon- 
ald and Nowak, 1981), but specific results have often 
been conflicting. 

In the present studies, intracellular recordings were 
made from individual neurons in cultures of fetal rat 
cortex while known concentrations of somatostatin were 
applied by microperfusion. We have previously shown 
that neurons in these cultures produce and secrete so- 
matostatin (Delfs et al., 1980). We describe below that 
somatostatin affects the physiological functioning of a 
cortical neuron by apparently direct effects on the mem- 
brane of the recorded cell itself or by indirect effects on 
neurons presynaptic to the recorded neuron. The re- 
sponse is often complex and is most often excitatory. 
However, we have also observed that in some recordings 
somatostatin application causes a diminished neuronal 
excitability or a decrease in the frequency of synaptic 
activity. These observations have provided an opportu- 
nity to examine both excitatory and inhibitory responses 
to somatostatin in the same system. 

The present report demonstrates that the types and 
magnitudes of responses seen in individual neurons are 
related both to the concentration of the applied soma- 
tostatin and to the prior history of somatostatin exposure. 
These results suggest possible explanations for the seem- 
ingly disparate results of previous studies on the physi- 
ological actions of somatostatin on central neurons. Pre- 
liminary reports of these data have been presented (Delfs 
et al., 1979, Delfs and Dichter, 1981). 

Materials and Methods 
Dissociated cell cultures of rat cerebral neurons were 

prepared as reported by Dichter (1978) and subsequently 
modified (Snodgrass et al., 1980). Pregnant CD rats, at 
15 to 16 days postconception, were stunned and embryos 
removed by sterile dissection. Cortices were dissected, 
incubated successively in trypsin and calcium-, magne- 
sium-free Earle’s balanced salt solution, and then tritu- 
rated, filtered, and plated at about 250,000 cells/35mm 
diameter Petri dish in modified minimal essential me- 
dium containing n-glucose (200 mg/lOO ml), penicillin 
(20 units/ml), streptomycin (20 mg/ml), rat serum (5%), 
and methylcellulose (200 mg/lOO ml). Cultures were 
grown in plastic tissue culture dishes (Costar, Falcon) 
coated in advance with collagen and polylysine. Medium 
was changed at 24 hr and three times per week thereafter. 
Non-neuronal cell growth was inhibited with cytosine 
arabinoside for 24 hr when background cells reached 
confluency. Studies were performed between 3 and 12 
weeks after plating. 

For intracellular recordings, the cortical neurons were 
bathed in a physiological salt solution, visualized under 
an inverted phase contrast microscope, and impaled with 
3.5 M potassium acetate-filled microelectrodes (40 to 80 
megohms). Recordings were made with a standard am- 
plification arrangement (WPI 701). A modified Wheat- 
stone bridge was used to pass current through the elec- 
trode while recording the potential across the cell. Mem- 
brane potential and the amount of current injected were 
recorded with a penwriter and displayed on an oscillo- 

scope for photographic recording. Criteria for accepting 
a neuron for analysis included a stable resting membrane 
potential of at least -40 mV and an evoked action 
potential with a height of at least 50 mV. Neurons were 
characterized by the resting membrane potential ( V,) 
and the size, duration, frequency, and pattern of synaptic 
potentials and spontaneous action potentials (APs). 
Measurements were made of the change in V, in re- 
sponse to regularly spaced injections of 50-msec square 
wave pulses of hyperpolarizing current and the mem- 
brane input resistance (Ri,) was determined using Ohm’s 
law. Action potentials were evoked by pulses of depolar- 
izing current, and AP height, duration, and number of 
APs per depolarizing pulse were measured. 

Synthetic cyclic somatostatin-14 from several sources 
(Bachem, Beckman, and Peninsula Laboratories) was 
dissolved in a phosphate-buffered physiological salt so- 
lution with 0.1% bovine serum albumin (BSA) (Sigma, 
radioimmunoassay grade) to optimize peptide stability. 
Aliquots of known concentrations of somatostatin, all 
with identical concentrations of BSA, were then kept 
frozen until use. At the time of each experiment, the 
somatostatin solution was loaded into micropipettes (tip 
diameter 5 pm to 15 pm) and perfused locally over the 
neuron under study. Concentrations of somatostatin were 
verified prior to use and at the completion of experiments 
by a well characterized radioimmunoassay (Pate1 and 
Reichlin, 1978). For the initial parts of the study, soma- 
tostatin was applied at concentrations of 10-l’ to lop6 M. 
For the dose response studies, the concentration range 
was extended to include concentrations of somatostatin 
from 10-l’ to lop3 M. All test solutions contained the 0.1% 
BSA, and control solutions were identical to test solu- 
tions except for the absence of somatostatin. 

Results 

Depolarization, excitation, and increased membrane 
input resistance 

Depolarization. Somatostatin caused a membrane de- 
polarization (mean 5.9 + 3.4 mV) in 30 of 87 neurons 
(34%) when applied at concentrations from 10-l’ to low6 
M (Fig. 1). The onset of the depolarization was rapid 
(within 1 set of the onset of the perfusion), but could last 
for several seconds to as long as 10 min after termination 
of the perfusion. The size of the depolarization was not 
related to the base line input resistance, the amount or 
type of ongoing synaptic activity, the pattern of neuronal 
firing, or the age of the culture. The depolarizing response 
to somatostatin application was not prevented by tetro- 
dotoxin (TTX) (Fig. 1D). It could not be determined 
from the present data whether TTX attenuated this 
effect of somatostatin. 

Excitation. In 12 neurons which had spontaneous APs 
and were also depolarized by somatostatin there was an 
associated increase in the frequency of APs in nine (75%). 
This was attributable to an increase in EPSPs in six 
neurons and to the depolarization itself in the absence of 
EPSPs in three neurons. Somatostatin also increased 
neuronal excitability without a direct depolarization by 
increasing the number of APs evoked by a square wave 
pulse of depolarizing current (in 7 of 21 neurons tested) 
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Figure 1. Depolarization of four different cortical neurons by 
somatostatin. A, Membrane depolarization in a neuron with 
little detectable synaptic activity, with a delayed volley of 
action potentials (APs) occurring during the recovery phase. B, 
An 8-mV depolarization is the initial response to somatostatin. 
A burst of incoming excitatory activity and associated action 
potentials is superimposed on the depolarization with a longer 
latency of onset. C, Depolarization of neuron into which pulses 
of hyperpolarizing current are being injected at regular intervals 
shows no measurable alteration of membrane input resistance 
(Rin) during the depolarization, but a slight increase in Rin can 
be appreciated after the depolarization has subsided. D, In 
another neuron, depolarization still occurs with the application 
of somatostatin in the presence of tetrodotoxin ( TZ’X) (3 x 10e7 
M). (The small hyperpolarizing potentials occurring at the end 
of the tracing in D represent spontaneous IPSPs which occurred 
after the TTX had diffused away into the bath.) Resting 
membrane potentials (V,) were -68, -76, -62, and -64 mV, 
respectively. APs in this and subsequent figures are significantly 
attenuated by the penwriter. 

or by increasing the frequency of ongoing spontaneous 
APs (Fig. 2). 

Increased membrane input resistance (Ri,). Ri, was 
monitored during microperfusion with somatostatin test 
solutions in 37 neurons and was observed to increase in 
17 of these neurons (46%) with the mean Ri, increasing 
from 43 to 51 megohms. This effect was seen both with 
and without the depolarizing response to somatostatin. 
There were concomitant increases in membrane resist- 
ance in 4 of the 11 neurons which were also depolarized 
by somatostatin, and in 13 of the 26 neurons which were 
not depolarized. In no case was there an decrease in Ri, 
in response to somatostatin within this concentration 
range. 

Dose response analyses. For these dose response anal- 
yses the dosage range was extended to include concen- 
trations from 10-l’ to low3 M. Two factors, the great 
variability in the magnitude of the response among in- 
dividual neurons and a prominent tachyphylaxis, pre- 
vented an adequate analysis of the amplitude of depolar- 

ization as a function of concentration. These factors 
necessitated analyses which would minimize interneu- 
ronal differences and emphasize interdose differences, 
while dealing with a wide range of concentrations. We 
have, therefore, presented the dose response data for 
somatostatin-associated depolarizations in two ways. 

Figure 3 indicates the proportion of neurons depolar- 
ized (1 mV or greater) when exposed to somatostatin at 
various concentrations. This analysis demonstrates a bi- 
modal distribution of responsiveness of neurons to the 
depolarizing effect of somatostatin. The threshold con- 
centration was between 10 and 100 PM. Concentrations 
in the range of 100 pM to 5 nM were associated with a 
30% to 40% response rate. Further increases in somato- 
statin concentration (10 nM to 1 PM) resulted in a de- 
crease in responsiveness. At still higher concentrations 
(10 PM to 1 mM), depolarizations occurred in an increasing 
percentage of neurons. However, the depolarizations at 
these highest concentrations were in many cases different 
from those seen at the lower concentrations in that they 
were often greater than 30 mV, were associated with a 
marked conductance increase (as opposed to the usual 
slight decrease or no change in conductance), and were 
often irreversible. Thus, some of the effects of somato- 
statin at and above 10 PM may represent either a different 
type of depolarizing response or a toxic effect. 

A second method of analysis was to construct a com- 
posite diagram of the depolarizations seen in individual 
neurons in response to the two different concentrations 
of somatostatin used in each particular experiment (Fig. 
4). This allows the graphic representation of differences 
in the amplitude of the depolarization in response to 
different concentrations of somatostatin without obscur- 
ing the interneuronal differences. This analysis also 
shows three phases in the dose response relationship. In 
the initial phase (10 PM to 100 pM and 500 PM to 5 nM), 
increasing concentrations of somatostatin produce larger 
depolarizations in 16 of 16 neurons (100%). In marked 
contrast, however, increasing the somatostatin concen- 
tration from 5 nM to 500 nM produces an increase in the 
amplitude of the depolarization in only 4 of 16 neurons 
(25%) and a decreased depolarization in response to the 
application of the larger concentration in 12 neurons 
(75%). As the concentration is increased from 1 PM to 1 
mM there is an increase in the depolarization amplitude 
in the majority of neurons tested, but, as noted above, 
this last phase probably represents a qualitatively dis- 
tinct depolarization or toxic effect. 

Within the concentration range from 500 PM to 500 nM, 
the phenomenon of a larger response to the lower of two 
concentrations of somatostatin is often striking (Fig. 5). 
These records of individual neuronal responses are rep- 
resentative of the data from the above analyses. The 
reproducibly larger responses from lower concuntrations 
rule out the possibility that the order in which the doses 
were tested is responsible for this phenomenon. 

Increased synaptic activity 

Response characteristics. The most frequently ob- 
served effect of somatostatin was an increase in the 
synaptic activity within the neuronal circuit being mon- 
itored through the recorded neuron. In 78 neurons having 
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Figure 2. Excitability changes in cortical neurons with application of somatostatin. A, Burst of spontaneous APs with no 
change in membrane potential. B, Neuron recorded with regular APs evoked by pulses of depolarizing current (current trace not 
shown) responds with a burst of APs despite slight hyperpolarization (also seen with control as a small perfusion artifact). C, A 
slightly delayed and prolonged volley of APs despite slight perfusion-associated hyperpolarization (as in B). Dl, dramatic increase 
in frequency of APs in a spontaneously firing neuron in response to somatostatin. 02, Segment of the oscilloscope tracing 
concomitant with the penwriter record of the same neuron as in Dl shows no actual depolarization of the base line V,,, or any 
change in the AP threshold, but rather an increase in the slope of the depolarizing phase leading to AP initiation and a decrease 
in the amplitude of the afterhyperpolarizations. The black dots represent times of injection of hyperpolarizing current during the 
recording. El and E2, somatostatin application increases the number of APs evoked by pulses of depolarizing current in neurons 
which showed no depolarization. (AP heights are inaccurate, except in 02, due to attenuation by the penwriter.) Resting V, for 
A through E2: -54, -78, -70, -56, -68, and -66 mV, respectively. 

spontaneous postsynaptic potentials (PSPs) during a 
base line recording, the application of somatostatin 
within the dosage range of 10-l’ to lO-‘j M resulted in an 
increase in PSP frequency in 45 neurons (58%). The 
frequency of both excitatory postsynaptic potentials 
(EPSPs) and inhibitory postsynaptic potentials (IPSPs) 
was increased by somatostatin (Fig. 6). In any given 
neuron with both EPSPs and IPSPs, one or the other 
population of PSPs was usually increased preferentially, 
but the ratio of EPSPs to IPSPs was not altered in any 
consistent direction. In most instances there was a la- 
tency of 2 to 10 set from the onset of the somatostatin 
perfusion until the beginning of this response. Once the 
increase in PSP frequency occurred, it could persist for 
60 set or more after the cessation of perfusion (Fig. 6D). 

Dose response analysis. For the dose response analy- 

sis, the dosage range was again extended to include 
concentrations of somatostatin from 10-l’ to lop3 M. The 
effect of somatostatin to increase the frequency of PSPs 
in neuronal circuits was seen throughout this entire dos- 
age range (Fig. 7). In contrast to the dose response 
characteristics of the somatostatin-associated depolari- 
zation, the frequency of synaptic activity was progres- 
sively more likely to be increased with higher concentra- 
tions of somatostatin. Nevertheless, in individual record- 
ings, there was sometimes a greater increase in the fre- 
quency of PSPs with the lower concentration of soma- 
tostatin. 

The effect of somatostatin to increase the PSP fre- 
quency is probably due to an action of somatostatin on 
neurons presynaptic to the impaled neuron. Thus, the 
monophasic dose response relationship over many orders 
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Figure 3. Percentage of tested neurons responding with a depolarization to the application of somatostatin in concentration 
groupings from 10 pM to 1 mM. The number of neurons tested in each concentration range is noted in parentheses. From 10 PM 

to the mid- and high nanomolar range there is an inverted-U shape to this relationship with a rising phase from 10 PM to 100 to 
500 pM and an apparent falling phase from 100 to 500 PM to 10 nM to 1 pM. The late rising phase from 10 pM to 1 mM (noted as 
possible toxic range) represents in part a qualitatively different response characterized by long lasting, and often irreversible, 
depolarizations of large magnitude often associated with a marked decrease in Ri,. 

of magnitude of somatostatin concentration may be due decreases in IPSP amplitudes were noted. This effect 
to higher applied concentrations producing threshold was analyzed in nine neurons which had ongoing IPSPs 
concentrations at distances farther from the recording with stable amplitudes of at least 4 mV and in which the 
site, thereby increasing the likelihood of exciting some application of somatostatin caused neither a depolariza- 
neuron within the local circuit. tion nor a significant alteration in the frequency of syn- 

Tachyphylaxis 
aptic activity. In six of these nine neurons, the amplitude 
of the IPSPs was significantly diminished (Fig. 9). In four 

Whether the response to the application of somatosta- of these neurons the Ri, was monitored, and in all four 
tin was a depolarization or an increase in the synaptic cases the decrease in IPSP amplitude was associated 
activity, successive applications of somatostatin resulted with a concomitant increase in Ri,. Both the decreased 
in a stepwise diminution in the magnitude of these re- amplitude of the IPSPs and the increase in Ri” were 
sponses until the responses were no longer recorded reversible over seconds to minutes upon termination of 
(Figs. 8 and 10B). The decrement in the response mag- the somatostatin perfusion. 
nitude occurred more quickly with higher concentrations 
or when the interval between applications was shorter. A Inhibitory responses 

partial recovery of responsiveness was regularly obtained Inhibition as the predominant response. Although 
after a 2- to lo-min somatostatin-free interval, but even excitation was the response seen most commonly, soma- 
after these intervals the application of the same or a 
higher concentration of somatostatin only rarely resulted 

tostatin application within this dosage range sometimes 
resulted solely in an inhibitory response. In 9 of 87 

in a response magnitude as great as that seen on initial recordings the inhibitory response was the predominant 
application. response; of these, there was a decreased frequency of 

Alterations in the amplitude of PSPs 
spontaneous APs in two recordings, a decreased number 
of APs per depolarizing pulse of current in four record- 

Although the usual PSP response to somatostatin was ings, and a decrease in the frequency of PSPs in three 
an increase in PSP frequency with no measurable change recordings. Therefore, inhibition was the predominant 
in PSP amplitude, in a number of recordings definite response in a small percentage of the total number of 
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Figure 4. Dose pair comparison of the magnitude of depolarization evoked in the same neuron by application of two different 

concentrations of somatostatin. Each slanted line represents data from the intracelhdar recording from an individual neuron. 
There was a consistent increase in the magnitude of the depolarization response as the applied concentration was increased from 
10 to 100 PM and from 500 PM to 5 nM, but as the concentration was increased from 5 to 500 no a smaher response was seen with 
the application of the higher concentration in 12 of 16 neurons. As concentrations were increased to greater than 1 pM, the higher 
concentrations were again associated with larger responses. The depolarizations seen in this third phase of the dose response 
relationship (1 PM to 1 mM) often appeared qualitatively distinct from the depolarizations seen at lower concentrations and may 
represent toxic effects. Neurons were acceptable for inclusion if one of the two concentrations of somatostatin resulted in a 
depolarization of at least 1 mV. Concentrations are arranged on a repeated log scale with spaces added to clarify the discontinuous 
nature of the data. 

recordings and was seen to affect several different events. 
It follows that several different mechanisms of action 
may be involved. Nevertheless, the observation of inhib- 
itory as well as excitatory effects is consistent with other 
published reports of both in vitro and in vivo studies and 
bears inclusion in the present report. 

Dose-dependent excitation or inhibition. When the 
dosage range was extended to 10e3 M, inhibitory re- 
sponses were seen in 15 of 159 recordings. In nine of these 
recordings, responses to a higher and a lower concentra- 
tion were compared. Inhibition was seen with both of 
two different applied concentrations of somatostatin in 
only three of these recordings. However, in six of the 
nine recordings (three with effects on PSPs and three on 
APs) the inhibitory response was seen only with appli- 
cation of the higher of two somatostatin concentrations. 
In no case was an inhibitory response seen only with 
application of the lower of two concentrations. 

In recordings in which at least one of two concentra- 
tions of somatostatin caused inhibition, four of nine 
recordings showed the lower concentration (5 to 100 no) 

to cause excitation, whereas the higher concentration (50 
no to 10 PM) caused inhibition. This dose-dependent 
excitation or inhibition is illustrated by a recording in a 
neuron generating spontaneous APs (Fig. 10). A further 
phenomenon, illustrated by this recording, is that a neu- 
ron which initially responds to a relatively high concen- 
tration of somatostatin (500 11~ in this case) with a 
decrease in activity or an inhibition can later, after con- 
siderable additional exposure to somatostatin, respond 
to that same concentration with an increase in activity 
or an excitation, similar to that seen earlier only with the 
lower concentration. 

Attempts to prevent desensitization by endogenous 
somatostatin 

One possible explanation for the relatively small de- 
polarizations induced by somatostatin and for the fact 
that less than half of the neurons studied showed direct 
effects was that the neuronal responsivity was decreased 
by the relatively high concentrations of somatostatin in 
the culture growth medium, a consequence of somatosta- 



1182 

500 pM 

D 
r-r 

5OopM 

Delfs and Dichter 

HIGH 

+ww 
500 nM 

!5TnM 

50 nM 

Vol. 3, No. 6, June 1983 

50:pM 

5 nM 

50: pM 

I 20 mV 

2 set (A) 
4 set (B) 

10 set (C,D) 
Figure 5. Larger responses of cortical neurons to the application of lower concentrations of somatostatin. A, Initial application 

of 5 nM somatostatin to a neuron with spontaneous IPSPs causes significant depolarization and a burst of APs. Fifteen seconds 
later the application of 500 nM causes only a small increase in IPSP frequency, but 10 set after this a repeat application of 5 nM 
results in a significant depolarization and burst of APs. B, Similar to A except that there is no definite response to the higher 
concentration. C, Similar to A. D, The response to the 500 PM somatostatin is a small burst of APs and a small depolarization 
associated with a run of EPSPs and a secondary decrease in membrane input resistance. Application of the higher concentration 
(50 nM) is associated only with a delayed AP and small burst of EPSPs, whereas reapplication of 500 PM results in a response 
much more like the initial application and is significantly larger than that elicited by the intervening larger concentration. (In B 
and D, voltage responses to hyperpolarizing pulses of current reflect a decreased Ri, with PSP response, an effect not seen with 
somatostatin in the absence of other factors to account for this change.) Values for Vm: - 50, -52, -68, and -60 mV, respectively. 

tin production and release by the neurons in culture 
(Delfs et al., 1980). In the present study, the concentra- 
tion of somatostatin in the culture growth medium 
ranged between 55 and 114 PM (Delfs et al, 1980), the 
latter concentration being higher than the usual thresh- 
old values for a neuronal response. Two techniques were 
used to decrease these levels in an attempt to avoid a 
possible chronic desensitization of neurons by the soma- 
tostatin released into the media: (1) TTX was used to 
inhibit release from the neurons, and (2) the cultures 
were maintained in the presence of high titers of anti- 
somatostatin antibody in an effort to neutralize secreted 
somatostatin. All physiology studies were subsequently 
done in a phosphate-buffered physiological saline solu- 
tion after removal of the culture growth medium. 

In the first series of experiments, TTX was added to 

the usual culture medium at a final concentration of 3 
X lop7 M. Control cultures were maintained in the same 
medium without the TTX. At the end of 48 hr, the 
average concentration of somatostatin in the control 
medium was 73.9 pM (n = 12), whereas in the medium 
with TTX it was 5.8 PM (n = 6). However, despite this 
decreased exposure to somatostatin for 48 hr prior to 
study, there was no change in the percentage of neurons 
showing either a depolarization or an increase in the 
frequency of PSPs, nor was there an alteration in the 
magnitude of these responses (n = 12). 

In the second series of experiments, undiluted serum 
from a sheep immunized against cyclic somatostatin-14 
(serum generously supplied by Seymour Reichlin) was 
substituted for the rat serum in the culture growth me- 
dium for 48 hr prior to study (n = 13). Nonimmune sheep 
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serum was used in the medium for control cultures (n = 
27). There was no change in the responsiveness of neu- 
rons in those cultures maintained in the anti-somatosta- 
tin antibody for 48 hr prior to study. These two experi- 
ments suggest that chronic desensitization is not a major 
cause of unresponsiveness to somatostatin in the cultured 
cortical neurons. 

Discussion 

This study demonstrates that somatostatin is a pre- 
dominantly excitatory agent when applied to rat cortical 
neurons in cell culture. Approximately one-third (34%) of 
the tested neurons exhibited small depolarizations, often 
associated with an increase in membrane excitability, in 
response to the application of somatostatin. A larger 
fraction of the neurons (58%) exhibited an increase in 
incoming spontaneous synaptic activity. These two cat- 
egories are not mutually exclusive, and a single neuron 
could both undergo an apparently direct depolarization 
and also receive an increased frequency of incoming 
PSPs. Other effects of somatostatin included decreases 

in IPSP amplitudes and occasional inhibitory responses. 
We also describe several unusual aspects of the responses 
of cortical neurons to somatostatin. These include tach- 
yphylaxis, an inverted U-shaped dose response curve for 
the depolarizing response, and a concentration-depend- 
ent excitation or inhibition. 

Depolarization and excitation. Our findings that so- 
matostatin was predominantly an excitatory agent are 
consistent with several investigations in situ as well as in 
vitro. Ioffe et al. (1978) found an increased firing rate in 
58% of neurons in rabbit sensorimotor cortex in response 
to iontophoretic application of somatostatin, and Olpe et 
al. (1980) found an increase in firing rate in approximately 
60% of rat cortical neurons. In frog spinal cord, Nicoll 
(1978) described an enhancement of the polysynaptic 
excitation of motor neurons generated by dorsal root 
stimulation, and Padjen (1977) reported an increase in 
size of ventral root potentials obtained by dorsal root 
stimulation. Using intracellular recording techniques, 
Macdonald and Nowak (1981) and Dodd and Kelly (1978) 
have reported that somatostatin depolarizes and excites 
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Figure 6. Somatostatin application resulting in increased incoming spontaneous synaptic activity in cortical neurons in the 
absence of any obvious direct membrane response. A, Neuron with a base line activity of intermittent small IPSPs, occasional 
EPSPs, and occasional APs. Somatostatin application results in a volley of incoming synaptic activity made up of first an increase 
in the frequency of the IPSPs and then the addition of high frequency EPSPs and associated APs. The larger downward 
deflections in this tracing are due to the regular injection of hyperpolarizing current (current trace not shown). B, In a neuron 
with only rare bursts of EPSPs and IPSPs, somatostatin applications result in brief periods of increased-frequency IPSPs. C, In 
another neuron the response consists of an increase in frequency of EPSPs, some of which evoke intermittent APs. Underlying 
EPSPs are more obvious with increased chart speed. D, The PSP response is initially obscured by a secondary increase in APs, 
but the basis of the response is clearly seen to be EPSPs when chart speed is increased. Resting Vm: -56, -70, and -72 mV, 
respectively. AP heights are significantly attenuated by the penwriter. 
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mouse spinal cord neurons and hippocampal pyramidal occasionally seen, this was an unusual effect of somato- 
neurons, respectively. statin application. Thus, it seems unlikely that somato- 

The mechanism by which somatostatin produces de- statin was simply increasing the size of PSPs. 
polarization is not yet known. It seems to be a direct Decreased amplitude of IPSPs. The simultaneous de- 
membrane effect because it is not prevented by TTX. crease in IPSP amplitude and increase in Ri, makes it 
However, the possibility that somatostatin is causing the unlikely that this effect on IPSPs is due to membrane 
release of endogenous excitatory neurotransmitter at shunting. It also raises the possibility that somatostatin 
nerve terminals cannot be excluded. The decrease in causes a decrease in both a passive and a GABA-acti- 
membrane conductance and in the afterhyperpolariza- vated membrane conductance. However, whether this 
tion seen in some recordings suggests that somatostatin effect on IPSPs is due to a presynaptic effect on axon 
may be decreasing a potassium conductance. Such an terminals or to an action of somatostatin on the postsyn- 
effect has been suggested in mouse spinal cord neurons aptic receptor complex cannot be determined from the 
in culture (Macdonald and Nowak, 1981). present data. 

Increased synaptic activity. There are several possible Heterogeneity of response. Our results indicate a het- 
explanations for the increase in spontaneous PSPs. So- erogeneity of response to somatostatin. Only approxi- 
matostatin may either directly excite responsive neurons mately 40% of the neurons demonstrated direct mem- 
presynaptic to the recorded neuron or may act at presyn- brane effects (depolarization or increased excitability), 
aptic terminals to increase transmitter release. It also whereas almost 60% of the recordings showed an increase 
might act by decreasing inhibitory input to both excit- in PSP frequency. In 10% of the recordings the response 
atory and inhibitory neurons, a possibility that is con- to somatostatin was entirely inhibitory, and in many 
sistent with the observed decrease in the amplitude of other recordings the response was complex in that it was 
IPSPs. Alternatively, somatostatin might affect the post- qualitatively different with different concentrations of 
synaptic membrane to augment PSPs and thus allow somatostatin or with repeated exposure. This variability 
detection of PSPs too small to be distinguished from the may be related to the heterogeneity of cell types and the 
base line before somatostatin application. However, an complexity of local circuits within the cortical cultures. 
increase in the amplitude of IPSPs was never observed, However, the type or magnitude of the response of an 
and, although an increase in the amplitude of EPSPs was individual neuron was not predictable on a morphological 
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Figure 7. Percentage of tested neurons in which an increase in the frequency of PSPs was observed in response to the 
application of somatostatin in concentration groupings from 10 pM to 1 mM. The number of neurons tested in each concentration 
range is noted in parentheses. The data suggest a monophasic dose response relationship with concentration changes over nine 
orders of magnitude. 
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Figure 8. Tachyphylaxis, or progressive diminution of the neuronal response to repeated applications of somatostatin. All 

traces are penwriter records of in+-acellular recordings. The occurrence of APs and PSPs is easily monitored, although AP height 
is attenuated by the penwriter. A, Somatostatin application initially results in an 8-mV depolarization and burst of APs, whereas 
successive applications are associated with a progressively diminished response until with the fourth application there is no 
detectable response at all. B, Two discernible responses to somatostatin in this recording are a rapid membrane depolarization 
and a later increase in frequency of incoming EPSPs. (During the PSP response there is a brief burst of APs with a hyperpolarizing 
afterpotential.) With repeated application there is a progressive diminution in both the direct membrane effect and the indirect 
increase in synaptic activity. C, In this neuron with initially rapidly firing APs, the response to the fist application of somatostatin 
is a marked membrane depolarization, but the depolarizing response is completely absent with the second application when only 
a long latency increase in APs and underlying EPSPs is seen. D, Somatostatin application results in a burst of IPSPs and a 
secondary slight hyperpolarization of the membrane. This response is markedly diminished with a second application, but after 
a 4-min rest period there is a restoration of the original response. Regularly spaced hyperpolarizing potentials are due to injections 
of hyperpolarizing current. (Current trace not shown.) Values for V,: -65, -48, -56, and -50 mV, respectively. 

basis, nor did it appear to be directly related to other 
parameters such as the V,, the Rin, or the amount or 
type of ongoing spontaneous activity. This response vari- 
ability also seemed not to reflect impurities in different 
batches of somatostatin, nor was it obviously related to 
methodological problems. 

Published reports of the neuronal effects of somatosta- 
tin have been marked by variability and conflicting find- 
ings. Although most investigators have observed excit- 
atory effects as noted above, a number of other workers 
have reported that somatostatin decreased neuronal fir- 
ing. These reports of inhibitory effects have included 
studies in cerebral cortex, cerebellum, and hypothalamus 
of rats (Renaud et al., 1975) and in the dorsal horn of 
spinal cord in cats (Miletic et al., 1977). In another 
instance, two different groups, both doing intracellular 
studies in rat hippocampal slice preparations but using 
different methods of application of somatostatin, re- 
ported essentially opposite findings. One group applied 
somatostatin by iontophoresis, direct pressure injection, 

or local application of small droplets and reported neu- 
ronal depolarization and excitation (Dodd and Kelly, 
1978). The other group applied somatostatin by bath 
perfusion and noted hyperpolarization and inhibition 
(Pittman and Siggins, 1981). Katayama and North (1980) 
recorded in the peripheral nervous system from myen- 
teric plexus neurons in guinea pig and noted that soma- 
tostatin could cause either excitatory or inhibitory re- 
sponses in a single cell, depending on the method of 
application. Our findings may provide a framework with 
which to begin to analyze these various results. 

Tachyphylaxis. The phenomenon of a progressive dim- 
inution of responses to repeated applications of the same 
concentration of somatostatin seems to be a major influ- 
ence on the magnitude of the response of the neurons in 
this sytem. It can occur with very brief exposures to low 
concentrations of this peptide and can readily obscure 
the neuronal effects of somatostatin altogether, especially 
the membrane depolarization and excitation. The mech- 
anism by which tachyphylaxis occurs is unknown. 



1186 Delfs and Dichter Vol. 3, No. 6, June 1983 

Inverted U-shaped dose response curve. Our data also 
demonstrate that in individual neurons somatostatin 
causes a greater effect at a lower concentration than at 
a higher concentration over a specific range. The ampli- 
tude of the reversible depolarization seen with applica- 
tion of somatostatin in the picomolar to nanomolar range, 
as well as its likelihood of occurrence, peaks with the 
high picomolar to low nanomolar concentrations, 
whereas concentrations in the high nanomolar to low 
micromolar yield fewer and smaller depolarizing re- 
sponses. 

Several possibilities exist as mechanisms for this in- 
verted U-shaped somatostatin dose response curve. One 
possibility is that a higher concentration of ligand may 
cause the receptor to be fixed in a noneffector confor- 
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Figure 9. Somatostatin d-creases the amplitude of IPSPs 

concomitant with an increase in the Rh. A, Amplitude of the 
IPSPs is decreased from an average of 12 mV to an average of 
7 mV by the application of somatostatin, whereas the Ri, 
changes from 89 megohms to 96 megohms. These alterations 
are reversible with termination of the application. B, Control 
perfusion results in no significant change of either IPSP ampli- 
tude or of Ri,. Resting V, is -64 mV. 

mation. More sophisticated receptor binding studies may 
shed light on this possibility, but such a phenomenon 
might only be demonstrable under dynamic conditions 
where physiological responses are measurable. Another 
possibility is that higher concentrations of somatostatin 
could alter the cellular metabolism in a way that blocks 
the effect of the activated somatostatin receptor. 

Toxic effects at higher doses. In the analysis of the 
dose response characteristics of somatostatin on cortical 
neurons we have chosen to consider the depolarizations 
seen with the application of high micromolar concentra- 
tions as nonphysiological responses. The large, long last- 
ing depolarizations and protracted decreases in Ri, sug- 
gest that micromolar concentrations may cause effects 
by damaging the neuronal membrane. Nemeth and 
Cooper (1979) have reported that somatostatin applied 
to rat hippocampal synaptosomes at micromolar concen- 
trations causes an efflux of the cytoplasmic enzyme lac- 
tate dehydrogenase (LDH), consistent with nonspecific 
membrane toxicity at these higher concentrations. It is 
possible that these toxic effects are preventing the phys- 
iological response to somatostatin and that this is re- 
sponsible for the apparent decrease in response at higher 
concentration ranges. 

Dose-dependent excitation or inhibition. Another pos- 
sibility for the decreased responsiveness in the high na- 
nomolar concentration range is a superimposed inhibi- 
tory action that is opposing the excitatory action. Our 
data suggest that lower concentrations of somatostatin 
produce only excitatory responses (often with membrane 
depolarization), whereas higher concentrations applied 
to the same neurons are more likely to have no effect or 
to produce inhibitory responses (with no change in mem- 
brane potential). These observations suggest the possi- 
bility that somatostatin is interacting with two different 
populations of receptors. At low concentrations, a pre- 
dominant interaction with high affinity receptors could 
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Figure 10. Qualitative alteration of the dose response relationship in a single cortical neuron with serial exposures to 
somatostatin. A, Neuron with ongoing regular firing of spontaneous APs. Application of 5 nM somatostatin results in an increased 
firing rate. The application of 500 nM somatostatin results in an inhibition of spontaneous firing. The APs remaining are those 
evoked as anode break spikes at the termination of each pulse of hyperpolarizing current. B, Same neuron 5 min after recording 
shown in A, so that spontaneous activity has now returned. Note slower chart speed. Somatostatin at 5 nM again results in a 
marked increase in firing rate, but repeated applications of this concentration are associated with a progressive diminution in 
response, with a gradually decreasing rate of spontaneous firing. C, After 3 min, 500 ILM somatostatin is again applied, but unlike 
the previous inhibitory response shown in A, the response is now a marked increase in the firing rate. The response to the 5 nM 
continues to be diminished compared to the responses to earlier applications. Resting V, is -54 mV. Regularly spaced resistance 
monitoring pulses continue throughout the recording (current trace not shown). 
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result in depolarization and excitation; whereas, at higher 
concentrations, an additional interaction with lower af- 
finity receptors mediating inhibition could oppose the 
depolarizing-excitatory effects and prevent an observable 
membrane response. Inhibitory effects may occasionally 
be observed when the concentration is sufficiently high 
to bring the balance in favor of the inhibitory effect or 
when the excitatory component has decreased due to 
tachyphylaxis. Such a double action has been described 
for the cholinergic synapse in Aplysia (Wachtel and 
Kandel, 1971). 

Among the major issues remaining unanswered is 
whether the physiologically relevant effect of somatosta- 
tin is the acute change in membrane excitability (with a 
concomitant increase in local synaptic activity), such as 
reported in this paper, or rather some more chronic 
effect, be it metabolic or electrophysiological, that might 
remain relatively unnoticed under the paradigm of short 
term monitoring with intracellular recordings. Neverthe- 
less, it is of possible relevance to ask how our findings of 
prominent excitatory effects of somatostatin may relate 
to its actions within the endocrine and gastrointestinal 
systems where it is generally regarded as a completely 
inhibitory compound. For instance, the local activity of 
a low concentration of somatostatin might under some 
conditions be to function as a releasing factor for sub- 
stances whose release it is now believed to solely inhibit. 
One report has noted that small doses of intraventricular 
somatostatin increase growth hormone release in rats, 
and indeed the smaller dose was noted to cause a larger 
increase in growth hormone (Lumpkin et al., 1981). Our 
findings raise the possibility that somatostatin might also 
function in these other systems as an excitatory influence. 

It seems likely that the dose response characteristics 
described for the effects of somatostatin on cortical neu- 
rons in culture will also be found in other neuronal 
systems. Therefore, an awareness of these phenomena 
will be important in the design of further studies with 
somatostatin. Tachyphylaxis alone is a factor which 
could easily obscure the results of experimental investi- 
gations and biphasic dose response curves can add con- 
siderable complexity to data interpretation. Of at least 
equal importance, these phenomena may well be operant 
in the regulation of neuronal responses in intact orga- 
nisms. An understanding of them and the underlying 
processes they represent will be important in an under- 
standing of the neuronal effects of somatostatin. 
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