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Abstract
Neurosteroids are a class of endogenous steroids synthesized in the brain that are believed to be
involved in the pathogenesis of neuropsychiatric disorders and memory impairment. Ammonia
impairs long-term potentiation (LTP), a synaptic model of learning, in the hippocampus, a brain
region involved in memory acquisition. Although mechanisms underlying ammonia-mediated
LTP inhibition are not fully understood, we previously found that activation of N-methyl-D-
aspartate receptors (NMDARs) is important. Based on this, we hypothesize that metabolic
stressors, including hyperammonemia, promote untimely NMDAR activation and result in neural
adaptations that include the synthesis of allopregnanolone (alloP) and other γ-aminobutyric acid
(GABA)-potentiating neurosteroids that dampen neuronal activity and impair LTP and memory
formation. Using an antibody against 5α-reduced neurosteroids, we found that 100 μM ammonia
acutely enhanced neurosteroid immunostaining in pyramidal neurons in the CA1 region of rat
hippocampal slices. The enhanced staining was blocked by finasteride, a selective inhibitor of 5α-
reductase, a key enzyme required for alloP synthesis. Finasteride also overcame LTP inhibition by
100 μM ammonia, as did picrotoxin, an inhibitor of GABA-A receptors. These results indicate
that GABA enhancing neurosteroids, synthesized locally within pyramidal neurons, contribute
significantly to ammonia-mediated synaptic dysfunction. These results suggest that manipulation
of neurosteroid synthesis could provide a strategy to improve cognitive function in individuals
with hyperammonemia.
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Introduction
Neurosteroids are a class of endogenous molecules synthesized from cholesterol that
modulate both glutamatergic and GABAergic systems in the brain (Baulien 1981, 1997).
Neurosteroids are believed to be involved in the pathogenesis of several neuropsychiatric
disorders, including mood disorders, epilepsy, and alcoholism (Zorumski et al., 2000, 2013;
Gunn et al., 2011). In the hippocampus, pyramidal neurons are the primary cells that express
the molecular machinery for cholesterol trafficking (Valdez et al., 2010) and the key
transporters and enzymes required for steroid synthesis, including steroidogenic acute
regulatory protein (StAR) (Kimoto et al., 2001; King et al., 2002; Kim et al., 1996; Lavaque
et al, 2006), translocator protein 18kDa (TSPO) (Tokuda et al., 2010), P450 side chain
cleavage enzyme (Kimoto et al, 2001; Shibuya et al., 2003) and 5alpha-reductase (Agis-
Balboa et al., 2006). TSPO is the rate limiting step in neurosteroid synthesis and promotes
the movement of cholesterol to the inner mitochondrial membrane where it is converted to
pregnenolone. TSPO was previously known as the peripheral (mitochondrial)
benzodiazepine receptor and is the site of action by which benzodiazepines promote
neurosteroidogenesis (for review: Zorumski et al., 2013). In addition to expressing
steroidogenic enzymes and transporters, excitatory neurons are the primary cells that are
immunopositive for neurosteroids under basal condition in the brain (Saalman et al., 2007,
Tokuda et al., 2010, 2011).

Because we previously found that low concentrations of N-methyl-D-aspartate (NMDA)
inhibit hippocampal long-term potentiation (LTP), a cellular model of memory and learning
(Izumi et al., 1992a,b) via neurosteroid synthesis (Tokuda et al., 2011), we hypothesized that
stressors that trigger NMDA receptor (NMDAR) activation impair neuronal function
through local brain steroidogenesis (Zorumski and Izumi, 2012). In the CNS, calcium influx
through NMDARs enhances pregnenolone formation and synthesis of neurosteroids in the
hippocampus (Kimoto et al., 2001), and recent studies have found that low level tonic
NMDAR activation is sufficient to promote neurosteroid synthesis in hippocampal
pyramidal neurons (Tokuda et al., 2011). Neurosteroid production in the hippocampus by
NMDAR activation negatively modulates the induction of LTP by initiating a form of
neurosteroid-dependent metaplasticity (Tokuda et al., 2011). Thus, untimely activation of
NMDARs, triggered by various stressful events, may result in LTP inhibition and memory
impairment via neurosteroid production. Ethanol intoxication is an example of such an
event. Ethanol acutely inhibits LTP induction only at high concentrations (Izumi et al.,
2005b) via a mechanism that includes NMDAR activation and neurosteroid synthesis (Izumi
et al., 2007; Tokuda et al., 2011).

Somewhat akin to ethanol, ammonia inhibits LTP induction by a mechanism involving
untimely NMDAR activation (Izumi et al., 2005a). We have shown that the inhibition of
LTP induction by 100 μM ammonia is overcome by 2-amino-5-phosphonovalerate (APV),
an NMDAR antagonist. In the present study, we hypothesized that exposure to ammonia is a
metabolic stressor to pyramidal neurons (Izumi et al., 2005a) and inhibits synaptic plasticity
and memory acquisition through NMDAR activation and neurosteroid production. To test
this, we examined whether the inhibition of LTP induction by ammonia is overcome by
pharmacological blockage of neurosteroid production and whether ammonia facilitates
neurosteroid production in the hippocampus.

Materials and Methods
Animals

Protocols for animal use were approved by the Washington University Animal Studies
Committee in accordance with the NIH guidelines for care and use of laboratory animals.

Izumi et al. Page 2

Neuroscience. Author manuscript; available in PMC 2014 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hippocampal slice preparation
Hippocampal slices were prepared as descried previously (Zorumski et al., 1996) from
postnatal day 30–32 male Sprague-Dawley rats purchased from Harlan (Indianapolis, IN).
Rats were anesthetized with isoflurane and decapitated. Slices were cut transversely into 500
μm slices using a rotary slicer in artificial cerebrospinal fluid (ACSF) containing (in mM):
124 NaCl, 5 KCl, 2 MgSO4, 2CaCl2, 1.25 NaH2PO4, 22 NaHCO3, 10 glucose, bubbled with
95% O2/5% CO2 at 4–6 °C. Acutely prepared slices were placed on nylon mesh in 10 ml
beakers containing gassed ACSF and maintained for at least 1 h at 30 °C before
experiments.

Immunohistochemistry
Hippocampal slices used for immunohistochemistry were initially screened by
electrophysiology to diminish slice-to-slice variability in staining for 5α-reduced
neurosteroids (Tokuda et al., 2010, 2011). Immunostaining was performed as previously
described (Tokuda et al., 2010). Slices were incubated with various reagents in separate 10
ml beakers. Following drug treatment, slices were fixed in fresh 4% paraformaldehyde in
phosphate buffered saline (PBS) for 30 min. Samples were then washed with PBS and
incubated in blocking solution (1% donkey serum/PBS) for 2 h at 25°C. Slices were
incubated with a primary antibody raised in sheep against 5α-reduced neurosteroids diluted
1:2500 in blocking solution for 48h at 4°C. The polyclonal antibody against 5α-steroids
primarily recognizes alloP and has minimal cross-reactivity with other neurosteroids in rats
(Bernardi et al., 1998). This antibody has also been previously characterized in
immunostaining studies in rat brain tissue (Saalman et al, 2007, Tokuda et al., 2010).

After incubation with primary antibody, slices were rinsed with PBS and incubated with a
secondary antibody, Alexa Flour 488 donkey anti-sheep IgG (diluted 1:500), for 2 h at 25°C.
After staining, slices were washed with PBS and mounted onto microscope slides with
Fluoromount-G (Southern Biotech, Birmingham, AL).

Confocal images were obtained using a 60X objective (1.4 N.A.), a C1 laser scanning
confocal microscope and Z-C1 software (Nikon Instruments, Melville, NY). All parameters
were kept constant within an experiment. Digital images were analyzed and the average
intensity of the tissue was measured using MetaMorph software (Universal Imaging
Corporation, Downingtown, PA).

Extracellular field potential recording
For electrophysiology, slices were incubated in a submerged recording chamber with
continuous bath perfusion of oxygenated ACSF at 2 ml/ min at 30°C. Extracellular
recordings were obtained from the apical dendritic layer of the CA1 region elicited with 0.1
ms constant current pulses through a bipolar stimulating electrode (Rhodes Medical
Instruments Inc., Summerland, CA) in stratum radiatum. Long-term potentiation (LTP) was
induced by applying a single 100 Hz × 1 s high frequency stimulation (HFS) using a 50%
maximal stimulus. To determine the 50% maximal stimulus, 6 different strength stimuli
were delivered prior to monitoring. The same 6 stimuli were repeated 60 min following HFS
for statistical comparisons of changes in excitatory postsynaptic potential (EPSP) slopes at
the half-maximal point. Signals were digitized and analyzed using PCLAMP software
(Axon Instruments, Union City, CA). Isolated NMDAR-mediated synaptic responses were
studied in an extracellular solution containing 2 mM calcium and 0.1 mM magnesium. 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX) was added to this solution at 30 μM to inhibit
non NMDAR-mediated EPSPs.
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Statistical Analysis
All data are expressed as mean ± s.e.m. Student’s t-test was used for comparisons between
two groups. If an equal variance test failed, the non-parametric Mann–Whitney rank sum
test was applied. For multiple comparisons, analysis of variance followed by post hoc Holm-
Sidak test was employed. Statistical analyses were performed using commercial software
(SigmaStat 3.11; Systat Software Inc., Richmond, CA). P-values of less than 0.05 were
considered statistically significant.

Materials
Finasteride and neurosteroids were obtained from Steraloids (Newport, RI). PK11195 was
purchased from Tocris (St. Louis, MO). All other chemicals were purchased from Sigma (St.
Louis, MO). The antibody against 5α-reduced neurosteroids was purchased from Dr. Robert
Purdy, University of California-San Diego. Alexa Flour 488 was purchased from Invitrogen
(Carlsbad, CA).

Results
Inhibition of LTP by ammonia and effects of finasteride

Confirming our previous results (Izumi et al., 2005a), we found that LTP was reliably
induced in naïve hippocampal slices from 30 day old rats, but was significantly reduced
when 100 μM ammonia was administered for 30 min prior to high frequency stimulation
(HFS) (EPSP slopes: 131.7 ± 4.3 % and 95.5 ± 4.4 % of baseline measured 60 min
following HFS, respectively; N=5 each; p < 0.001; Fig. 1A). Because a lower concentration
of ammonia (30 μM) did not significantly alter LTP compared to controls (121.0 ± 6.1% of
baseline, N=5; p = 0.189), we focused on mechanisms contributing to the effects of 100 μM
ammonia in subsequent experiments. Based on a proposed role for GABA receptors in the
CNS effects of hyperammonemia (Schafer and Jones, 1982; Basile and Jones, 1997), we
examined whether GABA-A receptors contribute to ammonia-mediated LTP inhibition. In
the presence of 1 μM picrotoxin (PTX), an inhibitor of GABA-A receptors, 100 μM
ammonia failed to inhibit LTP induction (EPSP slope: 121.3 ± 5.3%, N=5, Fig. 1B). This
degree of LTP did not differ significantly from LTP induced in the presence of PTX alone
(143.1 ± 11.0, N=6, p = 0.112, Fig. 1B).

In prior studies, we found that LTP can be impaired by activation of GABA-A receptors
triggered by stressful conditions that promote the synthesis of GABA-enhancing
neurosteroids (Zorumski and Izumi, 2012). We thus tested whether neurosteroidogenesis
contributes to ammonia-mediated LTP inhibition. In the presence of 1 μM finasteride, a
selective inhibitor of 5α-reductase, a key enzyme required for neurosteroid synthesis, LTP
was successfully induced in the presence of 100 μM ammonia (EPSP slope: 126.3 ± 9.8%,
N=5, p < 0.05 vs. ammonia; Fig. 1C). Finasteride alone did not alter LTP induction
compared to controls (128.9 ± 7.2 %, N=5, Fig. 1C). LTP inhibition by ammonia was also
overcome by PK11195, an inhibitor of TSPO (EPSP slope: 128.4 ± 7.5%, N=5, p < 0.05 vs.
ammonia; Fig. 1D). PK11195 alone did not alter LTP induction compared to controls (136.7
± 6.1 %, N=5, Fig. 1D).

It is possible that ammonia impairs LTP induction by reducing NMDAR-mediated synaptic
responses. To test this, we examined isolated NMDAR-mediated EPSPs evoked by single
stimuli and by trains of 100 Hz HFS in the presence of low magnesium and CNQX. To
avoid toxic effects of HFS in low magnesium, we examined trains of 5 pulses at 100 Hz.
The total areas of NMDAR-mediated EPSPs evoked by both single pulses (52.0 ± 10.5 mV
× msec) and by 5 pulse trains of HFS (250.8 ± 36.8 mV × msec) were not significantly
altered by 100 μM ammonia (53.8 ± 7.2 and 382. 4 mV × msec, respectively, n=6, Fig. 2).
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Neurosteroids and ammonia-mediated LTP inhibition
To determine whether finasteride’s ability to overcome the effects of ammonia results from
dampening of neurosteroid synthesis, we examined whether administration of exogenous
neurosteroids reverse LTP induction in the presence of ammonia plus finasteride (Tokuda et
al, 2010, 2011). Against our expectation, however, we found that LTP was still induced in
the presence of 0.1 μM alloP plus finasteride (EPSP slope; 117.7 ± 12.8%, N=6, p = 0.365
vs. control LTP; Fig. 3A). LTP was also induced when finasteride was combined with 0.1
μM tetrahydrodeoxycorticosterone (THDOC), another GABAergic neurosteroid (EPSP
slope; 119.7 ± 7.2%, N=6, p=0.208; Fig. 3B). In contrast, LTP was blocked when these two
neurosteroids were simultaneously administered with ammonia and finasteride (EPSP slope;
107.9 ± 8.4%, N=6, p < 0.05 vs. control LTP; Fig. 2C), but not when 0.2 μM alloP or
THDOC was administered alone (EPSP slope; 119.0 7.8%, 125.7 8.3%, N=5, respectively).

Ammonia enhances neurosteroid staining
These results indicate that ammonia impairs LTP induction by promoting neurosteroid
synthesis locally in the hippocampus. We examined this directly by determining the effects
of ammonia on neurosteroid immunostaining in the CA1 region using an antibody that
recognizes alloP and other 5α-reduced steroids. Consistent with earlier reports (Saalman et
al., 2007; Tokuda et al., 2010, 2011), steroid immunostaining was largely confined to CA1
pyramidal neurons. Fifteen min administration of 100 μM ammonia increased neurosteroid
staining (Fluorescence Intensity: 182.9 ± 20.2% vs. control, n = 6, Fig. 4A,B,D, p < 0.01).
The enhanced staining in the presence of ammonia was blocked completely by 1 μM
finasteride (Fluorescence Intensity: 94.6 ± 21.9%, n = 6, Fig. 4C,E). Similar applications of
finasteride alone did not alter basal staining (Fluorescence Intensity: 94.5 ± 15.7%, n=4, Fig.
4D,E). Consistent with our prior finding that APV, an NMDAR antagonist, overcomes the
effect of ammonia on LTP (Izumi et al., 2005a), we found that the enhanced neurosteroid
immunostaining observed with ammonia was also significantly suppressed by APV
(Fluorescence Intensity: 257.6 ± 20.8 % vs. 135.4±13.9 %, respectively, p<0.05 Fig. 5).

Discussion
In the hippocampus, neurosteroid synthesis can be triggered by multiple mechanisms
including ethanol (Sanna et al., 2004; Tokuda et al., 2011), certain benzodiazepines
(Bernardi et al., 1998; Tokuda et al., 2010) and NMDAR activation (Kimoto et al., 2001;
Tokuda et al., 2011). In the present study, we also showed that in the hippocampus ammonia
exposure triggers neurosteroid production to inhibit LTP induction.

Although LTP induction in the CA1 region is critically dependent upon activation of
NMDARs, these receptors also trigger neurosteroid synthesis (Kimoto et al., 2001; Tokuda
et al., 2011). It has long been known that excessive activation of NMDARs plays a pivotal
role in neuronal damage and excitotoxicity. Furthermore, it has been shown that ammonia
can promote activation of NMDARs (Elmlili et al., 2010) and that the neuronal damage
acutely induced by exposure to ammonia in experimental animals is mediated by NMDARs
(Zielinska et al., 2003; Rodrigo et al., 2009). Based on prior reports indicating that NMDAR
activation promotes neurosteroid production in the hippocampus (Kimoto et al., 2001;
Tokuda et al., 2011), and our previous finding that ammonia inhibits LTP through NMDAR
activation (Izumi et al., 2005a), our results suggest that ammonia triggers the activation of
NMDARs and drives the synthesis of GABA potentiating neurosteroids. In contrast, we
found that inactivation of NMDARs during HFS is unlikely to be involved in ammonia-
mediated LTP inhibition (Fig. 2). The effects of ammonia result in synaptic dysfunction and
likely contribute to cognitive impairment in patients exposed to high levels of ammonia.
How ammonia triggers untimely NMDAR activation is uncertain but could include effects
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on extracellular glutamate levels (Elmlili et al., 2010) and/or postsynaptic/receptor effects
(Hermenegildo et al., 2000; Rodrigo et al., 2009).

Because most ammonia exists in an ionized form, it cannot diffuse through blood brain
barriers. Thus, ammonia is not typically detected in the CSF of healthy adults at rest (Nybo
et al., 2005) and only modest levels are found in neurological patients not suffering from
liver diseases (with levels ranging from 8 to 26 μM, Huizenga et al., 1998) or in healthy
adults following exercise without glucose supplementation (up to 30 μM, Nybo et al., 2005).
Accumulation of ammonia in the CNS, however, has long been thought to be a major factor
contributing to hepatic encephalopathy (HE) (Seegmiller et al., 1954), and it has been shown
that ammonia levels in the CSF correlate with the severity of HE (with levels ranging from
70 to 233 μM with hepatic coma, Vergara et al., 1974). Ammonia has multiple actions in the
CNS that could contribute to psychiatric disturbances, including major depression, that often
accompany HE. These include adverse effects on energy metabolism, modulation of
GABAergic neurotransmission, and activation of NMDARs (Jalan and Hayes 1997).
Consistent with the finding that hepatic cirrhosis disrupts memory acquisition in
experimental animals (Méndez et al., 2008), ammonia has been shown to impair LTP
induction in the hippocampus (Munoz et al., 2000; Monfort et al., 2004; Izumi et al., 2005;
Chepkova et al., 2006). In the present ex vivo study, we show that neurosteroid synthesis in
hippocampal pyramidal neurons contributes significantly to ammonia’s ability to modulate
LTP. Prior studies have shown that neurosteroids accumulate in the CNS of cirrhotic
patients (Ahboucha et al., 2006), and in the brains of experimental animals with liver
damage and hyperammonemia (Ahboucha et al., 2012).

In addition to ammonia, other studies suggest the involvement of γ-aminobutyric acid
(GABA) type-A receptor potentiating neurosteroids in HE. In autopsied brains from
individuals with hepatic coma, expression of TSPO, previously known as the peripheral
(mitochondrial) benzodiazepine receptor, is up-regulated (Lavoie et al., 1990). Similar
changes have been shown by positron emission tomography (PET) (Cagnin et al., 2006), and
in rats subjected to portacaval anastomosis (Leong et al., 1994). The up-regulation of TSPO
suggests a role for GABAergic neurosteroids based on the fact that TSPO regulates
neurosteroid synthesis by controlling the movement of cholesterol to the inner mitochondrial
membrane for conversion to pregnenolone.

A major pathway involves the conversion of pregnenolone to alloP by the sequential actions
of 5α-reductatse and 3α-hydroxysteroid dehydrogenase. Pregnenolone is also converted by
21β hydroxylase to corticosterone and then to THDOC (Belelli and Lambert, 2005; Gunn et
al., 2011). Thus, the ability of finasteride, a specific 5α reductase inhibitor, to overcome the
effects of ammonia on LTP indicates that activation of these pathways and accumulation of
GABAergic neurosteroids are likely to be involved in the synaptic and perhaps cognitive
dysfunction associated with elevated ammonia levels. Elevated levels of two major
neurosteroids (alloP and THDOC) are reported in autopsied brain tissue from patients with
hepatic coma (Ahboucha et al., 2006), and in rodents subjected to acute liver failure
(Ahboucha et al., 2012). Although the present study indicates an important role for
neurosteroids in ammonia’s acute effects in the hippocampus, it does not appear that either
alloP or THDOC alone is responsible for the adverse effects on synaptic function. In our
studies both of these major GABAergic neurosteroids were required to overcome the effects
of finasteride on LTP, suggesting that they may make distinct contributions to ammonia’s
actions on neuronal function.

Acute production of neurosteroids can be a homeostatic response to metabolic and other
stressors. Because alloP and THDOC markedly enhance the function of GABA-A receptors
(Akk et al., 2007; Chisari et al., 2010), this is also consistent with the idea that GABAergic
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mechanisms help to dampen excessive neural activity under stressful conditions, serving as a
type of neuroprotective mechanism. Thus, while inhibiting either GABA-A receptors or
neurosteroid synthesis can overcome the acute effects of ammonia on hippocampal synaptic
plasticity and would be expected to have cognitive enhancing effects in the presence of
elevated ammonia, efforts to block neurosteroid production could have other deleterious
effects in the face of ongoing metabolic insults. Of note, finasteride and a related 5α-
reductase inhibitor, dutasteride, are currently used clinically for patients with prostatic
hyperplasia and for individuals with alopecia (Aggarwal et al., 2010). Depression and
altered cognition has sometimes been observed as a side effect in patients treated with these
5α-reductase inhibitors and this likely reflects, in part, changes in endogenous neurosteroid
production (Altomare and Capella, 2002; Rahimi-Ardabili et al., 2006; Traish et al., 2011;
Römer and Gass 2010; Irwig, 2012).

In summary, we found that acute exposure to ammonia facilitates neurosteroid production
through activation of NMDARs and inhibits LTP induction through a GABA-A receptor-
mediated effect. Further study is required to determine the effects of more chronic exposure
of ammonia on neurosteroid metabolism and cognitive function.
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Highlights

Ammonia inhibits LTP, a cellular model of memory, via neurosteroid production.

Ammonia enhances neurosteroid immunostaining in pyramidal neurons.

Finasteride is used to antagonize 5α-reductase, an enzyme for neurosteroidgenesis.

Finasteride overcomes ammonia-mediated LTP inhibition.

Enhanced neurosteroid immunostaininig by ammonia is blocked by finasteride.
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Fig. 1.
Ammonia-mediated LTP inhibition involves GABA-A receptors and neurosteroidogenesis.
A. In control slices, delivery of a100 Hz × 1 s high frequency stimulus (HFS, arrow) induced
robust LTP in the CA1 region as measured by changes in EPSP slopes (open circles).
Administration of 100 μM ammonia for 30 min (open bar) prior to and during delivery of
HFS attenuated the potentiation of EPSPs (closed circles). B. Ammonia failed to inhibit LTP
induction when HFS was administered in the presence of 1 μM PTX, a GABA-A receptor
antagonist (black bar). Open circles show effects of PTX alone whereas closed circles show
effects of PTX plus ammonia. C. The 5α-reductase inhibitor, finasteride (1μM, closed bar)
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also overcame the effects of ammonia on LTP. Open circles show effects of finasteride
alone whereas closed circles show effects of finasteride plus ammonia. D. Effects of
PK11195, a TSPO ligand, on ammonia-mediated LTP inhibition. Because we previously
observed that PK11195 has both agonistic and antagonistic effects on TSPO (see
supplemental data of Tokuda et al., 2010), we used PK11195 at 1 μM, a concentration at
which the agonistic effects are minimal and at which antagonistic effects are partial. In spite
of its complex actions, PK11195 overcame the inhibitory effects of ammonia and allowed
LTP induction. Open circles show effects of PK11195 alone whereas closed circles show
effects of PK11195 plus ammonia. Traces depict EPSPs before (dashed lines) and 60 min
after HFS (solid lines). Scale; 1mV, 5 msec.
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Fig. 2.
NMDAR-mediated EPSPs evoked by single pulse and HFS. NMDAR-mediated EPSPs were
elicited by single pulses (black bars in histogram and dotted traces) or by trains of 5 pulses
at 100 Hz (grey bars in histogram and solid traces). EPSP areas were measured before and
after administration of 100 μM ammonia. Dashed traces depict NMDAR-mediated EPSPs
elicited by single pulses, while solid traces show NMDAR EPSPs activated by brief trains of
stimulation at 100 Hz. Scale; 1mV, 10 msec.
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Fig. 3.
Effects of exogenous neurosteroids on ammonia-mediated LTP inhibition. A. When 100 μM
ammonia (white bar) was co-applied with 1 μM finasteride (black bar) in the presence of
0.1μM alloP (thin bar), HFS successfully induced LTP. B. The effects of 1 μM finasteride
on ammonia-mediated LTP inhibition was also not overcome by co-administration of 0.1
μM THDOC alone. C. In the presence of both 0.1 μM AlloP and 0.1 μM THDOC,
ammonia inhibited LTP induction in the presence of finasteride. Traces depict EPSPs before
(dashed lines) and 60 min after HFS (solid lines). Scale; 1mV, 5 msec.
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Fig. 4.
Ammonia-mediated neurosteroidogenesis results from activation of 5α-reductase. A. The
photomicrograph shows low level immunostaining against 5α-reduced neurosteroids in cell
bodies of CA1 pyramidal neurons in naïve hippocampal slices. B. Following 30 min
incubation with 100μM ammonia, enhanced immunostaining is observed in CA1 pyramidal
neurons. C. The enhanced staining in the presence of ammonia was blocked by 1μM
finasteride. Calibration bar: 25 μm. D. Summary of immunostaining studies showing
fluorescence intensity (arbitrary units) as mean ± s.e.m. P-values are calculated by Student t
test (n = 6; ** P < 0.01 vs. control, and ## P < 0.01 vs. ammonia alone)
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Fig. 5.
Ammonia-mediated neurosteroidogenesis results from activation of NMDARs. A. The
photomicrograph shows low level immunostaining against 5α-reduced neurosteroids in cell
bodies of CA1 pyramidal neurons in naïve hippocampal slices. B. Neurosteroid
immunostaining was enhanced by 30 min incubation with 100 μM ammonia. C. The
enhanced staining was blocked by 50 μM D-2-amino-5-phosphonovalerate (APV), an
NMDAR antagonist. Calibration bar: 25 μm. D, Summary of immunostaining studies
showing fluorescence intensity (arbitrary units) as mean ± s.e.m. P-values are calculated by
Student t- test (n = 4; ** P < 0.01 vs. control. ##P < 0.01 vs. ammonia alone.)

Izumi et al. Page 17

Neuroscience. Author manuscript; available in PMC 2014 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


